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THE USE OF A CQAXIAL GUN FOR PLASMA PROPULSION 

R. H. Lovberg, B. Hayworth, T. Goading 

I 

1 A. Introduction 

I In the extension of space f l i gh t  planning t o  interplanetary missions, 

it has become c lear  t ha t  present propulsion systems, i.e,, chemical rockets, 
are adequate only t o  send very s m a l l  payloads t o  these regions, The lo f t ing  

of anything as heavy as a manned vehicle, together with fie1 suff ic ient  f o r  

a planetary o rb i t  o r  landing and return t o  earth, would involve unacceptably 

large take-off weights and sizes. 

the simple d i f f e ren t i a l  equation of motion f o r  a rocket which we suppose 

t o  be already i n  a low orbit ,  but accelerating toward escape energy. 

cerning the momentum of the vehicle-propellant system, we have, 

I 

I 

I 
I This can be seen most easily by writ ing 

I Con- 
I 

I 

I where 

v = exhaust velocity, 

v = vehicle velocity, 

e 

r 
M = t o t a l  rocket mass. 

This immediately integrates  t o  

where Mo and 5 are the  i n i t i a l  and f i n a l  rocket masses, respectively. 

This equation te l l s  us that i f  we seek a velocity increment substantially 
l a rge r  than the rocket exhaust velocity, our s t a r t i ng  mass i s  alrrtost en t i r e ly  

fue l ;  further, the  s i tuat ion ge ts  exponentially worse as the velocity increment, 

i n  un i t s  of ve, increases. 

going t o  higher exhaust velocit ies.  

Clearly, the salvation of the problem l ies in 
Enormous e f fo r t  has gone into the  search 
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fo r  fue l s  which react energetically and expel products of low molecular 

weight. A s  can be seen from our rocket equation, the  rewards, i n  terms 
of flyable payload, for  even s l i g h t  imgrovements i n  ve can be very great. 

Nevertheless, there appears t o  be a f a i r l y  firm upper l i m i t  on the  v 

at ta inable  i n  chemical reactions which i s  w e l l  below that necessary f o r  

manned f l i g h t  t o  other planets. 

e 

W e  introduce here a parameter characterizing the  rocket system which 

i s  called specific impulse, Isp. 

t o  mass-flow rate, and when, i n  the engineering t radi t ion,  w e  measure 

both force and mass i n  units of pounds, I i s  in units of seconds. However, 

i f  w e  use physical units of dynes thrust and grams mass, the r a t i o  becomes 

ju s t  the  exhaust velocity ve i n  cm/sec. 

It i s  defined as the r a t i o  of t h rus t  (F) 

SP 

The connecting relationship i s  
v = I  . g .  
e SP 

I n  these terms, then, we f i n d  that the best chemical fue ls  yield 

Thus, a velocity specific impulse i n  the range of 400 - 500 seconds. 

increment of 5 miles per  second, which one might wish t o  add t o  o r b i t a l  

velocity i n  order t o  proceed towards Mars, would require a fue l  load frac- 

t i o n  of about 8 6 ,  and the weight after burnout would i tself  be mostly 

fuel i n  the case of a manned vehicle which would have t o  return again t o  

earth. However, i f  we increase I t o  1,000 seconds, t h i s  fue l  load frac-  

t i o n  drops t o  j u s t  over one half and for  2,000 seconds it i s  about one third.  

In the l i m i t  of high I 

SP 

one obtains 
SP’ 

and so the f u e l  load could, i n  principle, become negligible. 

The production of these high exhaust speeds forces a resor t  t o  other 

than thermo-chemical means, since no thermal speed obtainable from such re- 

actions i s  great enough. An intermediate s tep of considerable value i s  t o  

raise the  temperature of exhaust gases by such means as e l e c t r i c  a rcs  o r  
passage through a high-power nuclear reactor. Here ,  one may m a k e  use of 

very l i g h t  gases such as hydrogen, and thus obtain maximum thermal speed f o r  

a given temperature. I values i n  the neighborhood of 1,000 are obtainable 

by th i s  mans. Nevertheless, one ultimately encounters the obstacle of 
SP 



material failure a t  high temperatures, and so t h i s  procedure is  a l so  l imited,  

Finally, we arrive at electromagnetic acceleration of matter i n  an 
ionized, charged, o r  conducting state. Here, there  has been a d iscre te  jump 

pas t  the thermal d i f f i c u l t i e s  mentioned above, The essen t i a l  point wZlich 

characterizes e l e c t r i c a l  propulsion i s  tha t  it is possible t o  deposit l a rge  

t r ans l a t iona l  energy in a propellant without having first gone thraugh a 

phase of thermal heating. For example, it i s  quite t r i v i a l  t o  bui ld  an ion 

accelerator  whose beam "stagnation temperature" is b i l l i o n s  of degrees3 yet  

the machine coxqponents need not be above room temperature. 

point of view i s  t h a t  the  energy hparted t o  the propellant is not made t o  

undergo equiparti t ion; it remains resident i n  one degree of freedom, and i n  

th i s  coordinate encounters no material object. (This i s  only approximately 

t r u e  f o r  some devices.) 

An equivalent 

Since it is  w e l l  known t h a t  ians  may readily be accelerated t o  rela- 
t i v i s t i c  energies, we may inquire i f  t h i s  is not the direct ion t o  go; the 

propellant loss could be made almost a r b i t r a r i l y  low for a given thrus t ,  

The objection t o  this i s  that the power required is  the product of t h rus t  

and exhaust Velocity, and f o r  too high I 

supply would become intolerable ,  Clearly,  then, there  exists an optimwn 

I 

type of power supply is minimum, 

manner: 

t h e  w e i g h t  of the  necessary power 
SP' 

where the t o t a l  i n i t i a l  weight of  the vehicle, f o r  a given mission and 
SP 

We may estimate this I i n  the following 
SP 

where M 

ve over a mission t i m e  T ~ .  

The beam power i s  

i s  the propellant mass expelled at constant rate and veloci ty  
P 

Pe = Fve 

We define the  "specif ic  mass" (cy) of the power supply as the mass 
(M,,) per  un i t  power output, and w e  a lso relate e l e c t r i c d  power (Po) t o  

-3 - 



beam power (P ) by an efficiency e; thus, e 

Now, the  t o t a l  i n i t i a l  mass i s  

For minimum Mtot, we set the derivative with respect t o  ve equal t o  

zero, and so obtain 

m e7 - -  - 2 
!?(opt) o! v 

Under this  condition, 

There is obviously a premium on high engine efficiency and l i g h t  power 

supplies. 

missions c a l l  for  high I 
these answers by numerical constants not far from unity; they show that f o r  

missions ranging from lunar t o  the near plqnets, aad fo r  cy i n  the region of 

20 - 50 lbs/kw(e), we are considering I values in the 1,000-10,000 second 

A less obvious result of t h i s  simple relationship is t h a t  long 
More elaborate versions of t h i s  calculation modify 

SP' 

SP range, o r  lo6 < ve < 10 7 cm/sec. 

In t he  present work, we have explored a cer ta in  area of magneto- 

hydrodynamic (MHD) acceleration. MHD schemes exploit  the bulk e l e c t r i c a l  

conductivity of ionized gases, i n  t h a t  when current (3)  is passed through 

such a "plasma" containing a magnetic field,  (B), a body force, 



i s  applied t o  each volume element. 

application of MHD accelerators, with the efficiency with which the "pushing" 

of the propellant i s  done, i ,e*,  w e  must discover c r i t e r i a  t o  apply i n  the 

system design such that the t o t a l  acceleration work 
propellant is a large fract ion of the e l ec t r i ca l  energy supplied t o  the device. 

(While one is  also concerned with the  attainment of correct I 

t h a t  the efficiency problem i s  far more d i f f i c u l t  and will receive mst 
at tent ion here . ) 

We are concerned, i n  this propulsion 

f , v dt done on the s +  
it turns out 

SP' 

It i s  useful  for present purposes t o  employ a rather  simple e l e c t r i c a l  

While it i s  physically more illuminating t o  think of the c i r cu i t  analysis, 

actual  plasma acceleration i n  terms of the fundamental electromagnetic 

equations, t h e  c i r cu i t  approach has considerable generality, and hrther, 

the  correspondence with Maxwell's equations, the Poynting vector, etc,,  are 

easily established. 

In these terms, then, a pulsed MBD accelerator may be thought of as an 

inductive (and res i s t ive)  c i r cu i t  into which one applies a pulse of current, 

usually from a charged capacitor. 

on an inductor are  such as t o  increase i t s  inductance. 

of this c i rcu i t ,  having some mass associated w i t h  it, i s  allowed t o  move; in 
fact ,  these expanding current elements are the plasma, and so we have b u i l t  

an accelerator, A t  the  terminals of such a c i rcui t ,  the voltage i s  given by 

It is always t rue  that the magnetic forces 

In our case, a portion 

where 4) i s  the  t o t a l  magnetic flux threading the c i rcu i t .  

of inductance, t h i s  becomes 

By the def ini t ion 

d 
v = IR + dt (LI) 

The input power i s  

-5 - 
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P = v I = I % + I L E + I  d I  2 - dL 
a t  

I 

I n  order t o  separate the three right-hand t e r n  functionally, we f i r s t  

decompose the second term: 

d I  d L12 I2 dL 
IL dt = dt (T) - 2 dt 

Then, 

2 2dL P = I R + -  

Now, these three terms represent d i s t i nc t  power 'inputs. The first, 
2 Since L I  / 2  i s  the  cleazly, i s  the res i s t ive  heat loss i n  the c i rcu i t .  

t o t a l  magnetic f i e l d  energy i n  any inductance, the  second term i s  ju s t  the 

rate of gain of t h i s  energy. 

the  moving boundary, and f o r  an accelerator ,is evidently the term in to  

which w e  wish t o  dump as much input energy as possible. 

The third term i s  the  r a t e  of work done on 

If one has, fo r  the acceleration impulse, some cer ta in  quantity of 

energy w , (e.@;., 8 d for  a capacitor) we cas examine the  f a t e  of t h i s  

energy by integrating the  power equation over the time of the  impulse. 

Note first that the  in tegra l  of the  second term i s  zero, since the impulse 

begins and ends with zero magnetic field.  Hence, 

0 

The system efficiency may now be defined as 

We 

depends 

may carry t h i s  a step farther f o r  cases where the peak current 

upon the c i r cu i t  inductance, e.g., for  capacitive or  inductive 
< Io, where Io i s  the peak current Imsx energy storage. In these cases, 

-6- 



I 

which would have been achieved i f  L had been held constant, and i f  also 

there  had been no resistive losses. 

i n i t i a l  system inductance, Then, 
That i s , W o  = Lo<, where Lo i s  the 

TI%. d t  

We see, then, t h a t  the system efficiency is  l i m i t e d  by t h e  relative 

inductance change which has occurred during the acceleration. 
is s t i l l  small when the  electromagnetic energy has vanished i n  the system, 

we are assured that most of the energy has been wasted as heat, and i s  not 

directed beam energy. 

If t h i s  r a t i o  

While we have assumed, i n  the above analysis, t h a t  w e  are dealing 

with an impulsive system, the  treatment i s  general enough t o  cover both 

the  case of an inductively driven plasma, i n  which a current loop induced 

i n  the plasma i s  repelled from the  primary coi l ,  and the  “rail  gun” which 

may be a r a i l  pair, p a r a l l e l  plates ,  o r  coaxial  cylinders. 

Both of these schemes possess cer ta in  technica l  advantages and d i s -  

advantages. 

thereby eliminating electrode erosion as a possible operational trouble.  

However, associated w i t h  it i s  a very d i f f i cu l t  requirement on t he  closeness 

of the  i n i t i a l  coupling between the  primary c o i l  and the  secondary gas 

c i rcu i t .  

when pulsed, induces an oppositely directed current i n  t h e  gas near t he  co i l .  

Now it is  evident that when the  acceleration i s  completed and the plasma 

gone, t he  inductance seen at the  c o i l  terminals i s  j u s t  L 
c o i l  alone. Hence, th is  becomes an upper l i m i t  on AL; i.e., AI, < L The 

i n i t i a l  inductance Lo seen a t  the  terminals when current i s  flowing i n  t h e  

gas at the  beginning separation Zo between t h e  c o i l  and the  gas current r ing  

must then be much less than L and it i s  e a s i l y  shown that this requirement 

i s  met by having the i n i t i a l  gas current flow t i g h t  against the  co i l ,  i. e., 

The induction accelerator has the  m e r i t  of ‘being electrodeless,  

We i l l u s t r a t e  in Figure 1 the case of a f lat  toro ida l  c o i l  which, 

t h a t  of the  
P’ 

P* 

P’ 
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FIG. 1. SCHEMATIC OF AN INDUCTION ACCEXXRATOR. 
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z 

since a ce r t a in  thickness of insulation must be interposed between the two 

currents, and a l so  because the  i n i t i a l  gas  current does not usually flow i n  

a very t h i n  layer. 

when z = w; hence a l l  the  energy must be delivered i n  a time t such t h a t  

<< w, where w i s  t h e  width of the  coil. This i s  usually hard t o  achieve, 0 

Furthermore, the  two c i r c u i t s  are almost f u l l y  decoupled 

W t << - v' 
where v i s  the  veloci ty  of t he  plasma. For v = 10 7 cm/sec, and w = 10 cm, 

we obtain t << 1 psec, a quite hard e l e c t r i c a l  requirement. 

difficulties can be alleviated, however, by going t o  very la rge  w, i.e., 
broad coi ls .  

Both of  these 

The "rail  gun" plasma i s  always t i gh t ly  coupled t o  the energy source, 
since it is  i n  series w i t h  it. 

assure e f f i c i e n t  acceleration, since a large pa ras i t i c  source inductance 

could quickly put a low upper l i m i t  on &/Lo; it does mean, however, that  

one i s  not forced in to  accomplishing the ent'ire acceleration before the 
plasma has moved a s m a l l  f rac t ion  of  the system dimensions. 

associated with the e l e c t r i c a l  breakdown of the propellant gas are a l so  

less d i f f i c u l t  with a series r a i l  gun, since i f  there is  a formative t i m e  
lag, t he  energy supply must simply w a i t  u n t i l  breakdown occurs. 
duction device, a delay i n  gas ionization results i n  a bypassing of the  

energy through the  primary coil ,  with the associated dissipation. It i s  
common experience i n  the thermonuclear research, f o r  example, that it i s  

extremely d i f f i c u l t  t o  make fast induction accelerators  break down on the 

first half-cycle of t h e  osc i l la tory  driving current. 

This i s  not, of  course, suf f ic ien t  t o  

Problems 

In an in-  

A c lea r  disadvantage of using a ra i l  gun i s  the existence of electrodes 

i n  the plasma c i r cu i t .  

gas, they are subject t o  bombardment and erosion. However, it i s  not c l ea r  
at  present how rapid t h i s  erosion might be under conditions contemplated i n  

a propulsion application. 

c u l t  t o  conceive schemes f o r  electrode replacement, per iodical ly  o r  even 

continually. 

when the  rate of e lectrode material  l o s s  exceeds t h e  r a t e  of propellant flow. 

Since these a re  imersed  d i r ec t ly  i n  the  ionized 

Assuming that some does occur, it i s  not d i f f i -  

A l i m i t  on erosion rate would, of course, have been exceeded 

-9 - 



From experiments t o  date, it seems that t h i s  w i l l  probably not happen. 

It is important a lso t o  point out that erosion may be an equally 

serious problem i n  induction machines, but i n  this case, it i s  erosion 
of the  insulator.  The i n i t i a l  breakdown i n  these devices occurs on this  

surface''), and always results in  the  appearance of spectra of insulator  

materials i n  the discharge. 

du'ctive pinch a t  the  Los A l m s  Scientific Laboratory, several hundred 

discharges caused the almost complete erosion of a 1/8'' thick Aa 0 

insulator. 

I n  the  case of "Scylla", a high energy in- 

2 3  

An evaluation of these considerations l ed  t o  the conclusion that the 

coaxial version of the rail-gun would be very sui table  f o r  an experimental 

program on ME0 propulsion. 

operated over a wide range of energy-source periods, and has a geometrical 

symmetry which makes the interpretat ion of electromagnetic f i e l d  data 

simpler than i n  any other device, 

of one of the authors, (m) a considerable amount of experience i n  operating 

coaxial plasma accelerators fo r  thermonuclear applications. 

It i s  relat ively easy t o  construct, can be 

There was a lso  available, i n  the case 

The coaxial configuration w a s  also fe l t  t o  be d is t inc t ly  preferable 

t o  other "rail  gun" configurations, s ince  it is the  only one, topologically, 

which i s  free of edges. That is, the advancing current sheet, assuming 

that it re ta ins  azimuthal symmetry, i s  a coqpletely t i gh t  piston where i n  
the  case of p a r a l l e l  p la tes  OP rail  pairs, one always has t o  deal w i t h  the 

leakage of propellant around the edges of the  sheet, and also with gross 

i n s t a b i l i t i e s  i n i t i a t ed  a t  these edges. 

B. Choice of Circuit  Parameters 

We have seen tha t  the  efficiency of energy t ransfer  from the  storage 

capacitor t o  the plasma kinet ic  motion is given, i n  e i e c t r i c a l  c i r c u i t  terms, 

bY 

where h e r e , W o  = c? . 
0 

-10 - 



Clearly, one must ef fec t  

increase corresponding t o  the 

a gun design for  which the t o t a l  inductance 

removal of some large fract ion of Wo does 

not exceed the t o t a l  available inductance of the barrel. 

s i tua t ion  would exist where a t  the instant of plasma emergence from the 

barrel, most of Wo would s t i l l  be (&+LI2), with the result tha t  t h e  

plasma would e i the r  draw out with it a long plume of current which would 

accelerate mass equally i n  the transverse and longitudinal directions,or, 

if the  c i r c u i t  should somehow be broken, it would leave most of Wo behind, 

probably t o  diss ipate  i n  resistivle secondary breakdowns. 

Otherwise, the 

A t  the other extreme, one can conceive of the plasma slug being 

suff ic ient ly  heavy so that by the time the stored energy has rung down 

t o  zero i n  i t s  character is t ic  damped oscil lation, the mass has not moved 

far i n  the  barrel. This usually i s  a case of &/Lo << 1, and by 

ar-nts given previously, the  energy transfer cannot be large. 

It is easy t o  see that some kind of a "matching" between the  e l e c t r i -  

c a l  c i r cu i t  parameters and the propeUant mass or  velocity must be achieved. 

There are several equivalent ways of s ta t ing this  requirement. 

simply ask the  e l e c t r i c a l  "period" 6 of the  c i rcu i t ,  where L i s  the  
R barrel inductance, t o  equal the transit time defined as t = - where R i s  V 

the barrel length and v is a mean plasma veloci ty  i n  the  gun. 

We may 

Thus, 

If now we set L = L' A, whhre L' i s  the inductance per unit length of the  

gun, t h i s  reduces t o  

R = L '  c 2 .  

'0 b 
2rr I n  a coaxial gun, L'  = - Jn ,; where b and a are, respectively, t he  

This quantity, then cannot vary too far outer and inner barrel radii .  

o r  2 x h/m. PO from - 2n' 
on specif ic  impulse, we  see that R and C are proportional t o  each other  

in an optixuum gun. 

Since v i t s e l f  is determined by our requirement 

It is of in t e re s t  t o  note that this requirement can a l so  be stated 
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0 

as one fo r  "impedance" .matching. 

dz = R/v, we obtain immediately 

If we set L = L '  v, and substitute Into 

where both sides have the dimensions of 
and v = 10 5 m/sec, th i s  medance  is  

From this form of the  matching 

efficiency w i l l  be good only i f  a l l  

2 x  

an impedance. For L'= 2 x lom7 h/m, 

ohms. 

requirement one 
*he dissipative 

may observe that 

c i r cu i t  losses  add 

up t o  a resistance much l e s s  than 20 milliohms. 

A th i rd ,  and somewhat more exact statement of this matching requirement 

can be obtained by writing the  "magnetic gun equations". 

sistance, we have 

Neglecting re- 

the voltage equation, and Newton's second l a w  

where m i s  the  mass of the gas slug, and. z i s  the displacement along the  barrel. 

We render these equations dimensionless by set t ing 

where 

and 



Also 
t 

I T =-- 
to 

where 

and 

x = z/zo . 
then, 

and 

2 2 a x  
- = K i r  2 
dT 

where 

These equations may be solved numerically, w i t h  the 
determined only by IC. L’z includes whatever paras i t ic  

in the  external  c i rcu i t .  
0 

solution being 

nductance exists 

Now, resistance has not been Included here and so these equations 

a re  not properly useful f o r  determinations f o r  efficiency. 

impose other  conditions, erg., that at the t i m e  the  mass emerges fromthe 
gun, the current shall be passing through its first zero3 we then may inquire 

as t o  how much of Wo has been transferred t o  the  plasma at t h a t  t i m e .  
discover that this f rac t ion  is largest fo r  K of order unity and a barrel length 

large compared t o  zo. 

However, we may 

We 

This &so means, of course, that &/Lo >> 1. Aside 
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from efficiency, however., the  principal u t i l i t y  of this fonrmlation is 
that all the  scaling relationships we need are contained in IC. 

such as t o  give optimum performance, fo r  example, any reaxrangement of 
C, Vo, L',zo, and m which leaves K unaltered w i l l  also leave the matchings 

of "impedance" o r  energy the same as they were, 
appears t o  be incorrect, it can be adjusted i n  any of several. ways, some 
of which may be much easier than others, depending upon CircUmStances. 

good example of t h i s  point i s  contained in t he  following work, i n  particular,  

t he  change from the  Mk I1 t o  Mk I11 versions of the coaxial gun,) 

If K is 

Or,  al ternately,  i f  K 

(A 

Given t h a t  i n  an optimum design, R and C should approximately vary 

together we may then inquire a s  t o  what other c r i t e r i a  might d ic ta te  a 

choice of s ize  f o r  e i the r  or both of these parameters, 

here that fo r  separate reasons, it i s  desirable tha t  both parameters be 

small. 

It w i l l  be argued 

Consider the  capacitance f i r s t .  In the application of a pulsed 

device t o  propulsion, it w i l l  be necessary t o  operate the  gun a t  a repet i -  

t i o n  rate which i s  determined by the momentum transferred per shot and 

the  desired thrust .  

the gun energy per shot. 

t o  as low a value as possible, it seems that o m  must r e s t r i c t  consideration 

t o  smll capacitor banks run a t  high repet i t ion rates. 

The power required w i n  be the repet i t ion rate times 
Since the system mass per u n i t  power must be kept 

But quite independently of f i r i ng  rate, the t o t a l  energy passed 

through the capacitor per un i t  time i s  the  product o f  average thrust 

and exhaust velocity. 

i s  approximately the capacitor Q divided in to  217 times the t o t a l  gun power, 

hence, for example, an engine of 1 kg thrust at 10 sec I using capacitors 

with a Q of 30 would dissipate on the order of 200 kw as  capacitor losses. 

Only a very large, heavy bank o r  an ent i re ly  novel capacitor can wtthstand 

such heating and not be destroyed quite quickly. 

the  issue might be t o  s e t t l e  for  a few dynes thrust with conventional 

components, it seems t h a t  e l ec t r i ca l  propulsion does not come ent i re ly  in to  

i t s  own u n t i l  more substantial  th rus t  is achieved, Consequently it appears 

appropriate t o  wrestle with the components problem at  t h i s  ear ly  stage.) 

The power dissipated i n  the capacitors themselves 

4 
SP 

(While one way t o  avoid 

We 



have, therefore, considered the use of capacitors employing very low-loss 
dielectr ics ,  and i n  particular,  the use of vacuum. A vacuum d ie l ec t r i c  

capacitor has many a t t r ac t ive  at t r ibutes  as w e l l  as c lear  disadvantages, 

The capacitor Q i s  extremely high, since d i e l ec t r i c  losses, ordinar i ly  

the  pr incipal  loss i n  an energy-storage uni t ,  are en t i r e ly  absent. 

duction losses  i n  the electrodes c~tn be tolerated since there  i s  no 

obvious reason that such a unit could not be operated at red heat. An 

occasional flash-over does not mean a ruined capacitor, and so r e l i a b i l i t y  

is improved. 

vacuum pump i s  always available above the atmosphere. 

t h e  construction of such a uni t  i s  a formidable undertaking, since many 

thousands of square feet of plates,  spaced by a very f e w  millimeters would 

have.to be arranged i n  a compact package and be suf f ic ien t ly  rugged t o  

stand a f l i gh t  environment. The uni t  would have a great deal of bulk per 

unit capacitance o r  energy, and it i s  l ike ly  that the  advantage of having 

no d i e l ec t r i c  mass at a l l  would be more than of fse t  by the heavier mass of 

p la tes  and structures.  Nevertheless, the s t ruc tura l  problems are matters 

of technique rather  than principle, and one can reasonably expect adequate 

engineering solutions i n  not too long a t i m e .  

t o  use an i n i t i a l  capacitance value which might be achieved by a vacuum 

unit. This w a s  determined t o  be the order of one microfarad. 

Con- 

There i s  no d ie l ec t r i c  mass t o  o rb i t  and an i n f in i t e ly  good 

On the other hand, 

Therefore, it w a s  decided 

The use of a small barrel length, which as we have seen, i s  corollary t o  

a low capacitance, i s  desirable, however, on independent grounds. F i r s t ,  the 

e f fec t  of plasma cooling t o  the electrodes may be made very small i f  the t o t a l  

time the plasma spends between the electrodes i s  very s m a l l  compared t o  an 

ion transit t i m e  from one electrode t o  the  other at thermal velocity, The , 

actual  escape of thermal energy t o  the w a l l s  i s  actual ly  much slower than it 

would be i n  the  case of free single par t ic le  motions, since co l l i s ions  and, 

i n  particular,  the presence of strong magnetic f i e l d s  inh ib i t  pa r t i c l e  flow. 

Secondly, it i s  demonstrable theoret ical ly  that as the acceleration i s  

increased, or, rather, as the acceleration time i s  shortened, t he  formation 

of the most troublesome i n s t a b i l i t i e s  i n  the current layer  i s  less advanced; 

i.e., the acceleration of in s t ab i l i t y  growth increases less rapidly than the 
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acceleration of the  gross plasma displacement. 

lengths, it i s  usually observed tha t  the i n i t i a l l y  symmetric current dis-  

t r ibu t ion  tends t o  develop unevenness in  the azimuthal direct ion which i n  

the end results i n  a l l  the current flowing i n  a narrow rod, or "pinch", at  

one s i d e  of the tube. In t h i s  case, there is  no longer an e f f i c i en t  

sweeping up of the injected propellant, and the mss u t i l i za t ion  becomes 

very poor. It has been found i n  the work t o  be described tha t  these in- 

stabilities have indeed been greatly inhibited. 

In accelerators of "normal" 

The various equations of motion and scaling l a w s  given above are  at  

best, however, only a rough design guide.  The  reasons a re  twofold. F i r s t ,  

they are derived on the assumption that  the plasma slug i s  a compact en t i t y  

which has no resistance, e i ther  i n  bulk o r  as drag on the  electrodes. 

current i s  supposed t o  flow anywhere except through the narrow slug. 

w i l l  be seen, t h i s  assumption i s  a t  best only, approximated and i n  many 

instances i s  not even a qualitative description of how the systembehaves. 

In sp i te  of th i s ,  many of t h e  scaling l a w s  s t i l l  apply. 

No 
As 

Secondly, the use of a scaling relationship between the several 

parameters characterizing a system presupposes t h a t  one can vary them 

independently, except for the  given constraint which i n  our case i s  K (C, 

Vo, L', m, zo) = 1. 

mode of operation w e  have selected makes the slug mass m c r i t i c a l l y  dependent 

on Vo and L',  and t o  some extent on C and zo. This deprives one of complete 

freedom i n  use of the K = 1 equation, and probably means tha t  another and 

more usef'ul scaling l a w  could be written i f  one knew i n  enough detail  the 

dependence of gas breakdown on voltage, electrode spacing, and propellant 

species. 

This i s  not the case i n  the present work, however. The 

C. Mode of Gun h e r a t i o n  

The same concept of operation i s  common t o  all t he  devices described 
i n  t h i s  report. An i dea l  operating sequence would be the  following: 

1. The storage capacitor, which is  connected d i rec t ly  t o  the electrodes, 

(there are no switches in the c i rcu i t ) ,  i s  charged t o  Vo. 

2. The valve controll ing the propellant gas flow i s  opened and lef't open. 
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3.  
electrode has r i sen  t o  the  appropriate value, a breakdown occurs, and the 

normal acceleration cycle proceeds. 

4, 
capacitor re-charges. The l a t t e r  i e  adjusted t o  occur much more rapidly 

than the gas influx, so when the  propellant pressure once again reaches the 

breakdown value, the  capacitor i s  f u l l y  charged, and the whole process 

repeats . 

When the  gas density immediately over the gas por t s  i n  the center 

A f t e r  the  shot, the inter-electrode gas pressure again rises, and the 

This operating concept has the m e r i t  of extreme simplicity, since 

neither high-current switching nor osci l la t ing gas valves need be employed, 

and system r e l i a b i l i t y  would consequently be improved. However, there 

exist possible technical. problems with the idea which may, i n  the  worst 

case make it unfeasible. 

not ejected during a single shot of the gun. 

near the  peak of the injected pressure distribution, and since t h i s  dis-  

t r ibu t ion  ( i n  2) i s  approximately a symmetrical Gaussian centered over the 

gas ports, one might, i n  the  case of a simple current-sheet acceleration 

expect up t o  half  of the  gas t o  be l e f t  behind. 

lef't-over gas would simply add t o  the new in f lux  for  the next shot; however, 

the shape of the gas distribution, jus t  p r ior  t o  breakdown, i s  important 

i n  that the pressure should be low near the rear  insulator  i n  order t ha t  

the  discharge should not occur there. 
leftover gas, however, it seems that the pressure a t  the insulator could 

eas i ly  rise t o  the  breakdown level, thus resul t ing i n  undesirable insulator 

erosion. 

repet i t ion-rate  experiments which have not yet been accomplished. 

In particular,  the full injected gas load i s  

Breakdown usually occurs 

One could argue tha t  t h i s  

With a shot-to-shot accumulation of 

The actual  evaluation of t h i s  problem w i l l  have t o  await high 

The repet i t ion rate which would arise naturally from t h i s  free-running 

mode i s  determined by the time required for the  gas f i l l i ng .  

t he  propellant species used, the internal delay might be a f e w  hundred micro- 

seconds t o  somewhat more than a millisecond, 

hundred shots per second, w i l l  almost surely necessitate the use of an 

osc i l la t ing  gas va lx  ra ther  than steady flow. 

Depending upon 

Slower f i r i n g  rates, say one 
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D. Experimental Program 

With the  general pr inciples  outlined above as a guide t o  the general 

design of an accelerator w e  have established an experimental program di -  

rected toward determining, i n  as direct  adunambiguous a way as possible, 

whether the  coaxial  gun concept i n  t h i s  form i s  feas ib le  f o r  propulsion, 

Our program has deal t  w i t h  two broad areas: 1) the  physics of the 

acceleration process i n  a coaxial gun, especial ly  those phenomena which 

influence efficiency, and 2) the engineering f e a s i b i l i t y  of t h e  free gas- 

flow, high repe t i t ion  rate mode of operation discussed previously. 

In general, we have tended t o  give p r i o r i t y  t o  the physical measure- 

The reason i s  simply that u n t i l  ments of plasma phenomena i n  t he  gun. 
w e  understand the acceleration process i n  de ta i l ,  there are no c lear  

guideposts f o r  optimization of the design. Conversely, i f  it can be 

demonstrated, using the  single-shot operation we employ i n  these measure- 

memts ,  that plasma acceleration i n  t h i s  device i s  i n t r i n s i c a l l y  inef f ic ien t  

and unsuitable f o r  propulsion, there  w i l l  be no point at a l l  i n  making the 
gun f i re  a t  a fast rate. 

forward. 

However, preparations fo r  fast f i r i n g  have gone 

The experiments undertaken i n  t h e  course of t h i s  work have been 

done on a series of coaxial  guns which successively incorporate para- 

meter changes dictated by the experimental results. 

as Mark I through Mark N. 

meters and experimental behavior chronologically and defer  a description 

of mechanical d e t a i l s  t o  appendices a t  the end of t h i s  report. 

We des igmte  these 

We w i l l  discuss their charac te r i s t ic  para- 

The pr inc ipa l  diagnostic t oo l s  employed i n  this  work have been magnetic 

and e l e c t r i c  probes. 

combination, they allow the inference of a very wide range of plasma parameters, 

and are superior, for  our purposes, to any other available diagnostic technique. 

We w i l l  first discuss their use i n  some de ta i l .  

Each type of probe i s  a powerful instrument, but i n  

E. Magnetic Probes 

The magnetic probe technique has been employed successfully i n  experi- 
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mental plasma physics f o r  several  years(2). 

a small coi l ,  sui tably protected by an insulat ing jacket, i n to  the  plasma. 

The c o i l  output i s  passed through an integrating c i r cu i t ,  (s ince i t s  d i rec t  

output i s  proportional t o  aB/a t )  and the integrator  output i s  displayed on 
an oscilloscope. 

under study i s  used t o  t r i gge r  the oscilloscope, which then displays a 

graph of B ( t )  a t  the  probe posit ion.  

ducible from shot t o  shot, (as may be determined by photographically super- 

posing t r aces  taken at one posit ion) the f i e l d  may be mapped by moving the  

probe t o  various posi t ions and repeating the  procedure. Having, at  the  end 

of an experiment, a set of photographs of  B ( t )  t r aces  a t  various posit ions,  

one may then se lec t  a cer ta in  ins tan t  of t i m e ,  common t o  a l l  the  traces,  and 

p lo t  B(;) at  tha t ' t ime.  
display several such maps of B. It i s  usual that only one, o r  at  most two, 

components of B are present in the  apparatus under study, and usually there  

i s  suf f ic ien t  geometrical symmetry i n  the device t o  allow a f a i r l y  simple 

application of the  Maxwell equation 

It simply consis ts  of inser t ing 

T h e  i n i t i a l  r i s e  of current i n  the  pulsed plasma device 

I f  t h e  device i s  suf f ic ien t ly  repro- 

In the following descriptions of experiments, w e  

s -  c u r l  - = j , (&s)  
PO 

(where p , as always, i s  

mination of t he  current 
0 

t h e  permit t ivi ty  of f r ee  space)and hence, a deter-  

density distribution. For example, i n  our coaxial  

gun, i n  the  absence of i n s t ab i l i t y ,  only Be i s  present, and the above 

equation reduces t o  p j 

t he  b a r r e l  i s  then ju s t  

= aBe/az. The Lorentz force on the  plasma along o r  

There a re  some legit imate objections which can be raised t o  the  use 

o f  magnetic probes i n  the  manner described above. The most f'undamental i s  

that there  exists a hazard of a l te r ing  the  propert ies  of a plasma by the 

very a c t  of th rus t ing  a material object i n to  it. 
around t h e  probe jacket i s  cer ta in ly  cooled t o  some extent, and as a conse- 

A ce r t a in  volume immediately 
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quence becomes more resist ive.  

results of considerable experience and experiment on t h i s  point, together 

with a semi-qualitative ju s t i f i ca t ion  of the technique i n  cer ta in  texrqera- 
ture and density regimes. We first observe tha t  i n  a system characterized 

by broad and continuous current distributions, the magnetic f i e l d  at  any 

point i s  the vector sum of contributions from current elements throughout 

the system. Stated i n  other terms, the  complete removal of the current 

density i n  a small region w i l l  not, i n  general, seriously change the  loca l  

magnetic. f i e l d j  t h i s  i s  the very argument that applies t o  a magnetic probe. 

It i s  not va l id ,  however, i n  thecase of nearly discontinuous f i e l d  d i s t r i -  

butions where the sharper features of the f i e l d  pat tern are necessarily 

produced by loca l  currents. That is  t o  say, some s p a t i a l  resolution w i l l  
be l o s t ;  it is found experimentally, however, that fo r  plasma conditions 

w e  encounter in t h i s  work, t h i s  loss is  negligible. 

argument may be quite valid, we s t i l l  are i n  trouble at the conduction 

"hole" bored by the probe i s  too large, i n  particular,  i f  it is any 

substant ia l  f ract ion of the system dimensions. The size  of t h i s  perturbed 

region w i l l  depend upon plasma density and temperature, and w i l l  be largest  

f o r  hot, low density plasmas. We resort again to ,a  sufficiency argument 

on this point: 

tural features of the f i e l d  which a re  adequately small, t h i s  worry i s  

automatically disposed of . We have, indeed, observed large f i e l d  changes 

over distances less than twice the diameter of  the probe jacket, which 

indicates amply small perturbation. 

To t h i s  objection one can only bring the 

While the  above 

i f  one can actual ly  observe,by means of the probe, struc- 

Another problem, i n  principle, i n  the use of jacketed probes, i s  that 

f o r  a plasma of suf f ic ien t ly  good conductivity, there should be a delay 

i n t h e  flow of f i e l d  l i n e s  out of the  near plasma region and into the 
probe, corresponding t o  ordinary f i e l d  diffusion times through a conductor. 

This delay would appear a s  both a delay and an attenuation on the signal  

read out by the probe. 

conductivity of the plasma near the  probe be neither too high nor too low - 
a t  least ,  not low by reason of cooling to the probe jacket. 

there  are  excellent operational checks on the existence of any attenuation 

o r  delay, In a coaxial gun, where under cer ta in  conditions, the current 

flows i n  a thin,  azimuthally symmetric sheet, the  instant  of crossing a 

One is  then i n  the dilemma of desiring tha t  the  

Fortunately, 
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cer ta in  point in the  barrel by the  moving current layer may be observed 

with e l e c t r i c  as w e l l  as magnetic probes. I n  a s i tuat ion quite similar 

t o  t h a t  i n  the present work, these two indications of sheet arrival were 

simultaneous t o  within the limits of detectabil i ty,  indicating that any 

€3-probe delay w a s  negligible. 

masured behind the current sheet w a s  used t o  compute a total current, 

and t h i s  agreed w e l l  with an independent external current measurement, 

Similar ver i f icat ion experiments have been performed i n  pinched discharge 

devices, and t o  our knowledge, no instance of  delay or  attenuation has 

been observed. One m y  argue, in a semi-quantitative way, t h a t  this 

result should perhaps be expected. 

f o r  the conduction skin depth 6 using the one-dimensional expression 

In the same experiment the value of Be 

If we compute an approximate d u e  

6* = (mks), 
PO 

where we use t he  approximate Spitzer relation(3) f o r  r e s i s t i v i t y  

and also assume a 10 e.v. plasma temperature, we get a skin depth of 

about 2 millimeters i n  t = loa7 sec. Since our probe r a d i i  are j u s t  

t h i s  size, w e  see that an adequate ra te  of flux flow in to  the probe 

in t e r io r  m y  reasonably be achieved. 

assumption on p l a s m  temperature here, but when this device i s  compared, 

both i n  configuration and gas species, t o  such devices as deuterium 

pinches whose temperatures i n  general. vary from 20 t o  40 e.v., it seems 

cer ta in  that the  heavy propellants used i n  these guns are not ho t te r  

than 10 e.v. 

We have inserted a rather strong 

F. Elec t r ic  Probes 

The c l a s s i ca l  mode of e l ec t r i c  probe operation is  t h a t  a t t r ibu ted  

t o  L a n g ~ u i r ( ~ ) .  An insulated wire having an exposed t i p  i s  inserted in to  

the plasma, and i s  biased at various voltages with respect t o  some refer- 
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ence point i n  the system, usually an electrode, The currents drawn by 

the  probe f o r  various voltages are plotted a s  a "probe characteristic' '  

whose features are interpreted i n  terms of plasma potential ,  ion and 

electron densi t ies  and plasma temperature. Such a procedure i s  only 

val id  f o r  cer ta in  "pure" cases, however. 

equilibrium and f ree  of magnetic fields,  and the  probe must be of 

a simple configuration, i.e., a plane, cylinder, o r  sphere. 

The plasma must be i n  thermal 

In the case of the plasmas produced i n  our experiments, the Langmuir 

technique i s  ruled out on several grounds, 

permeates the system, thermal equilibrium i s  probably not even approxi- 

mately attained, and i n  particular,  the ion and electron densi t ies  are 
so high tha t  destructive currents would be drawn t o  the  probe i f  the 

bias poten t ia l  were moved appreciably away from the  "floating" value. 

Floating poten t ia l  on an e l ec t r i c  probe i s  the poten t ia l  at  which i ts  

m r e n t  i s  zero, i.e., when an equal flux of ions and electrons are reaching 

the  exposed t i p .  

i s  far higher than that of the ions, f loating potent ia l  can only be a t  a 

value suff ic ient ly  negative with respect t o  the plasma poten t ia l  t o  repel  

almost a l l  the  electrons. This w i l l  generally be a value of about -kTe/e 

(where k = Boltzman's constant, Te = electron temperature, e = electronic 

charge , ) 

A strong magnetic f i e l d  

Since the  f lux  of electrons t o  any open element of area 

In our application, the probes are used only t o  determine a value of 
local f l o a t i n g  p o t e n t i d .  This determination places no demands upon 

the  plasma i n  regard t o  accurate thermal equilibrium, o r  even magnetic f ie ld ,  

since the  value kTe/e fo r  the di f fe rence  between plasma and f loat ing potent ia ls  

w i l l  be maintained whenever the electron f lux  i s  s a s t a n t i a l l y  la rger  than 

ion flux i n  the  plasma, even though it may be mch  less than it would have 

been i n  a field-free, equilibrium plasma. Furtherdore, even i f  the  two 

probes have greatly different collection areas, the kTe/e difference will be 

unaffected, since no current i s  being drawn from ei ther .  While any knowledge 

of plasma potent ia l  depends on an independent measure of kT, we may determine 

plasma poten t ia l  differences between neighboring points (of  similar E) 
by simply noting the differences between the voltages on two probes . ( 5 )  
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This, then, allows a determination of  the average E field along a l i n e  

connecting the  t i p s ,  

I n  practice,  we have employed a double probe consisting of a co- 

axial l i n e  whose inner and outer  conductors are exposed t o  the plasma, at 

points  separated by one cm along the  common axis, The two outputs axe 

fed through a pulse transformer t o  an oscilloscope, and the data are 

recorded i n  the same manner as described for magnetic probes. 

of construction of the probe and transformer are given i n  Appendices 

11, 111, and Figures 32 and 33. 

Details 

The u t i l i t y  of E - f i e l d  determinations i n  this work can be seen by 

a consideration of t he  microscopic processes involved i n  the acceleration 

of a plasma by Lorentz forces. When the ionized gas i s  viewed simply as 

a f l u i d  conductor, the statement that ?! = 

the value of l o c a l  density, t o  determine the acceleration of a volume 

element. However, i n  a real plasma, t h e  conduction current i s  car r ied  < 

almost en t i r e ly  by the electrons, and the Lorentz force i s  applied t o  them 

alone, The electrons tend t o  move ahead of t he  ions as a r e su l t  of t h i s  

p re fe ren t i a l  acceleration and i n  so doing, s e t  up a space-charge spearation 

x suffices, together w i t h  

f i e l d  which i n  the  cy l indr ica l  coordinates of our guns i s  EZ. This EZ f ie ld ,  

then, a c t s  on the  ions and accelerates  them such that i n  a gross sense, there 

i s  never a large physical separation of pos i t ive  and negative charges. 

Since the ions contain almost t h e  e n t i r e  plasma mass, and the electrons 

carry e s sen t i a l ly  all t he  current, one may simply equate the  e l ec t ros t a t i c  

force per un i t  volume on the ions t o  x s. Jn cgs units, this becomes 

w h e r e  n =. ion density; o r  i 
B e aBe 

nieEz = 4rr aZ 

NOW, this allows, i n  principle, a mems of determining the  d i s t r i -  
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Be, and bution of ion densit ies,  since our two kinds of probes give EZ, 

aB$& expl ic i t ly .  

calculations.  

The data shown l a t e r  i n  t h i s  report  include such 

Another d i rec t  use which can be made of t he  EZ d is t r ibu t ion  i s  the 

estimation of the directed velocity of ions after the acceleration cycle 

i s  complete. 

t o  ions i s  e n t i r e l y  through the e l ec t r i c  f i e ld ,  we simply write 
Since, f o r  present purposes, w e  assums that momentum t r ans fe r  

miAv = !Gzd.t . 
4 

Now, since the output of the e l e c t r i c  probe is proportional t o  the  average 

EZ(t)  between t ip s ,  we need only t o  integrate the oscilloscope readout of 

EZ t o  get a measure of Av. However, the procedure is, i n  general, not as 

simple as integrat ing a single t r ace  from one posi t ion of the E probe, 

since during i t s  acceleration, the ion moves from one probe posi t ion t o  

another, and we must follow the ion i n  measuring the momentum transfer. 
This makes necessary a piecemeal integration, where EZ(t)  at one pos i t ion  

i s  integrated only up t o  such a time where t h e  ion would have crossed over 

in to  the  domain of the  next EZ t r ace  i n  the  mapping. 

then continued in this fashion u n t i l E Z  at  the ion goes t o  zero. 

of th is  type of veloci ty  determination are given in the following descriptions 

of experiments . 

The procedure i s  

Examples 

G. Experimental Devlces and Results 

1. Mark I 

The first experiments performed under this contract  were done on an 
The device i s  shown i n  t h e  photograph of accelerator  designated Mark I. 

Figure 2, and the per t inent  electrode dimensions and gas feed posi t ion are 
l isted i n  Table 1, page 45 . A magnetically operated gas valve was located 

inside t h e  cen t r a l  electrode, and since t h i s  electrode was mounted d i r ec t ly  

on the  high voltage terminal of the single 1.6 pfd, 25 kv. storage capacitor, 

the  pulsing c i r c u i t s  fo r  t he  valve were all ba t t e ry  operated and Isolated f r o m  

ground. 
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The center electrode was the cathode i n  this and all the foIJowing 

Some brief running was done a t  the opposite polarity, and 
-. I - y - ~ ". .* .." f _- ~~ . _- .,a _I- 

experiments. 
L I 

it appeared t h a t  the cent ra l  cathode gave the l e a s t  e r r a t i c  operation3 

however, no systematic study of t h i s  effect  w a s  made dwring the period 

of t h i s  report. 

The large 3' x 3'  x 4l vacuum tank provided as a f ree  expansion 

volume f o r  the expelled gas from the gun was not actual ly  employed i n  

these experiments f o r  the reason that it did not allow easy access t o  

the gun muzzle for  the use of probes. 

glass  pipe was attached t o  the tank port, and the gun inserted in to  one 

of the  transverse arms. 

feed-throughs. 

Instead, a cross o f  standard 6" 

The opposite arm was then used t o  mount probe 

It was recognized at the outset  that  the external paras i t ic  induc- 

tance of t h i s  gun was too large fo r  e f f ic ien t  operation i n  terms of the  

&/Lo cr i ter ion.  

would be very important t o  our program in  many other ways. F i r s t ,  f o r  

studies of the acceleration process, the external inductance i s  not of 

fundamental importance. Furthermore, t h i s  i n i t i a l  phase of the program 

would have as  i t s  main function the proving out of various experimental 

and operational techniques, and here, again, the inductance issue i s  not 

Nevertheless, it was fe l t  t ha t  such an accelerator 

important. 

The e l e c t r i c a l  schematic of Figure 3, which applies i n  par t icu lar  

t o  the  Mk I1 through Mk IV guns, i s  also applicable here, except t ha t  

as stated before, the gas pulser w a s  i solated from ground, bat tery 

operated, and fired through an isolating H.V. pulse transformer. Af ' te r  

each shot, the  capacitor was re-charged through the indicated 2 megohm 

res i s tor ,  and th i s ,  together with the t i m e  required t o  p q  the system 

free of the  injected gas, l i m i t e d  the  shot repe t i t ion  rate t o  two, o r  at  

most three, per minute. 

admit the gas. I t s  driving c i r cu i t  i s  shown i n  Figure 4. 
pulse pulled the  needle t o  an effectively full-open posit ion i n  probably 

less than a millisecond, the inertia of the  solenoid core held it open f o r  

a substant ia l ly  longer time, such that  even after the shot, a great deal of 

gas entered the system. 

A solenoid-operated needle valve was used t o  
While the applied 

T h i s  open time was a sensit ive Rurction of the 
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energy f i r e d  in to  the  solenoid by the pulser ,  and the excess flow was 

a lso  highly dependent of the size of the hole opened by the  needle. 

These were all varied at  different  times during the experiments i n  an 
e f fo r t  t o  develop a re l iab le  and leak-free valve design. The best  com- 

bination of an all-metal valve proved to  be a polished dr i l l - rod needle 

and an aluminum seat, but the r e l i a b i l i t y  w a s  not good enough, and the 

f i n a l  solution was t o  put a miniature O-ring around the needle t ip ,  as 

shown i n  Figure 5. 

Since the only a t t r ibu te  of the  valve which is  inportant f o r  single 

shot operation i s  that it opens quickly enough, the problem of the excess 

flow was ignored i n  these experiments. 

Early operation of Mk I was involved with finding conibinations of 

gas pressure, voltage, and valve design which would produce a discharge 

showing evidence of motion down the barrel. For this program, magnetic 

probes were used alone t o  observe the t i m e  dependence of Bo dist r ibut ions 

i n  the gun. 

current density peaked at the rear insulator, and remained there. 

trouble appeared t o  be that the gas influx w a s  too slow, with the result 

tha t  by the  time the pressure had r isen t o  a breakdown level,  it had 

dis t r ibuted i t s e l f  broadly throughout the tube, and onto the insulator, 

where the  discharge in i t ia ted .  

of moving the initial current flow up t o  the  gas ports, and the acceleration 

of the  current layer  then appeared "normal". 

The very f i rs t  attempts were unsuccessful since the discharge 

The 

An increase i n  gas flow rate had the e f fec t  

In all t h i s  i n i t i a l  program, the propellant employed w a s  argon. !Phe 

choice of gas w a s  made on the bas is  of i t s  ease of procurement and handling, 
as w e l l  as i t s  advantage from t he point of v i e w  of ionization loss  per unit 
mass-flow fromthe gun. Clearly, at the same exit velocity, the r a t i o  of 

ionization energy (a loss, i n  terms of efficiency) t o  the t rans la t iona l  k ine t ic  

energy of the ion drops with increasing ion mass. 

A f a i r l y  extensive program was necessary i n  order t o  put the E-probe 

in to  operation. 

before, i s  f a i r l y  simple, there  are d i f f icu l t  technical problems involved. 

These are almost all associated with the f ac t  t h a t  the  difference voltage 

While the pr inciple  of operation, which has been deficribed 
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between the  two probe t i p s  i s  less by about two orders of magnitude than 

the "common mode" signal; i.e., we typically obtain a hundred vol t s  differ- 

ence between two t en  kilovolt  signals. 
d i f f e ren t i a l  c i r cu i t  should then be a t  least a factor  of 10 

higher, I n  the Mk I experiments, each of the probes was brought t o  an 

external 1OO:l resistive divider, and the outputs of these were sent t o  the 

two sides of a Tektronix type G d i f fe ren t ia l  preamplifier on a type 555 
oscilloscope. It was found necessaryto go t o  rather extreme lengths in 
balancing the two sides of t he  system i n  order that the commn-mode re- 
jection f o r  the  higher frequencies would be adequate. All leads had t o  be 

cut t o  exactly equal lengthsj  the dividers had not only t o  have the same 

division r a t i o  but had t o  be physically ident ica l  t o  the extent t ha t  a small 
loop Fn a connection i n  one had t o  be duplicated i n  the other. 

The common-mode reject ion i n  the 
3 and preferably , 

i 

The two 

dividers  were mounted together and had t o  be located i n  a posit ion carefully 

selected t o  minimize the difference signal resul t ing from their acting 

together as a loop, and picking up transient magnetic fields from the gun. 
The preamplifier itself had t o  be re-balanced on each of the gain ranges 

employed i n  the experiment. A f t e r  considerable a t ten t ion  t o  de t a i l s  of this 

sort, t he  behavior of the probe was nade adequate f o r  our purposes, although 

there  was some undesirable feed-through at the  highest frequencies. 

The concept of using E and B neasurements together t o  determine ion 
densities and ion momentum t ransfer  evolved during the  course of th i s  work, 

and as  far as we know, it had never been attempted previously. 
seemed t o  be of the greatest  importance at t h i s  point, and accordingly, the 

majority of the ensuing Mk I experiments dealt with j u s t  such determinations, 

The scheme 

I n  obtaining a complete set of data sui table  f o r  finding ni(z, t), it 
i s  necessary tha t  the system operate over  a large number of shots with very 

good s tab i l i ty .  The ef fec t  of such a constraint  on most systems such as this, 

w h e r e  many components are i n  the process of development, i s  t o  reduce the 

probabili ty of success on any given run t o  much less than one. 

was typica l  here t o  have runs interrupted by f a i lu re s  of gun insulation, 

gas valve, probes, voltage supply o r  even the oscilloscope. 

w a s  rewarded, and some excellent se t s  of data were obtained. 

That is, it 

However, patience 



and n fo r  various times Figure 6 through 8 are p l o t s  of Be, EZ, i 
The operating condi- subsequent t o  the first current r i s e  i n  the gun. 

t i o n s  were: 

Voltage 15.6 kv 

Propellant Argon 

Pressure behind gas valve 170 mm Hg 

EZ probe t i p  spacing 6m 

Figure 9 is a set of three corresponding oscilloscope records of Be(t )  

and EZ(t)  a t  three axial positions; all were taken at a r ad ia l  posit ion 

halftray between the electrodes. 

down the barrel is evldent. 

The propagation of the current layer  

Several comments on these data are in order. F i r s t ,  the spatial 

d is t r ibu t ion  of EZ, especially f o r  the 0.4 psec t i m e ,  appears s t r q e  
at  first glance, since it has a pronounced dip Just  where the Be curve 

i s  steepest, o r  equivalently, w h e r e  jr is peaked. However, the strange- 

ness disappears when one calculates  n 
a simple peaked ni curve which duplicates almost exactly the d i s t r i -  

dependent ionization fraction, i.e., a si tuat ion w h e r e  the current, as an 
ionizing agent, c o q e t e s  w i t h  some rapid recombination process. We see 

that th i s  peaked Ionization dis t r ibut ion mves toward the gun muzzle at 

since we obtain fromthese curves i' 

b u t i o n  of Jr in z. This would be the natural  consequence of a current- 

the velocity of the current layer, (-1.5 x 10 7 cm/sec) suggesting, alterna- 

t i v e l y  t o  the ionization-recombination picture given above tha t  a group of 
ions i s  actual ly  being carried along by the current a t  this speed. 

choice between these two interpretations I s  quickly made, however, when 
w e  calculate Avi through integrating E,(t), as explained previously. 

We find that the largest Avi that can be obtained f o r  any starting point 

along the tube is about 1.5 x 10 
than the speed of the distribution! 

velocity fo r  the mass on quite independent grounds. 

of ni given i n  Figure 8, and calculate the t o t a l  plasma kinet ic  energy 

at v = 1.5 x 10 we obtain approximately the whole i n i t i a l  capacitor energy; 

A 

6 cm/sec, o r  a full fac tor  of 10 less 
We can also niLe out the la rger  

If we use the values 

7 

. 
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2 = 10.5 cm 

2 FIGURE 9. T I M E  DETRIBUTIONS O F  Be ( U P P E R  TRACE)  AND E 

(LOWER TRACE)  FOR THE MARK I GUN, AT T H R E E  AXIAL POSITIONS 

AND THE SAME RADIUS. Bo = 1.36 KGAUSS/LARGE DIVISION, 

E = 0.52  STATVOLTS/LARGE DIVEION. t = 0.2p 8ecs/cm. z -36- 



i.e., nearly lO$ efficiency would be implied. A simple observation of 
t he  amplitude of the ringing current i n  the capacitor leads one t o  con- 

clude, however, t ha t  16 efficiency could not have been exceeded. 

An important conclusion t o  be drawn from this  result i s  that the  
ident i f ica t ion  of a moving current distribution, a moving luminous front ,  

o r  even a moving charge d is t r ibu t ion  (which would have a l so  been seen as 

such using doppler microwave techniques) with an ac tua l  motion of plasma 

i s  very hazardous, indeed. 

A fur ther  r e su l t  of i n t e re s t  i s  that shown i n  the Be and EZ p lo t  f o r  

t = 0.9 psec. 

current i n  the external  c i r c u i t  is osc i l la t ing  back toward zero. The re- 
sult i s  posi t ive gradient of Be i n  the region of z = 8 t o  I2 cm, and t h i s  

should produce a backward acceleration of t he  plasma. 

ment w i t h  t h i s  conclusion, t h a t  EZ has changed sign, as it must i f  our con- 

jecture  as t o  the  or ig in  of EZ i s  correct at al l .  

reversal occurs a t  the point of Be slope reversal also indicates  that the  

amount of spurious noise o r  unbalance i n  the  E 

quately small. There i s  a h in t  i n  the data  of how large such "noise" 
might be, i n  that w e  note that the total .  number of ions i n  the d is t r ibu t ion  

at t = 0.6 psec, i s  ac tua l ly  shown t o  be la rger  than t h a t  at 0.5 psec, a 

ra ther  unlikely result. 

t he  EZ points  used i n  computing n were a l l  j u s t  s l i gh t ly  greater  than zero; 
a very s l igh t  downward displacement of t he  baseline would d ras t i ca l ly  reduce 

the  value of n indicat ing that a zero e r r o r  of this magnitude w a s  probably 
involved. 

by the e r r o r  bars) we may be f a i r l y  confident of the r e s u l t s  obtained f o r  

t h e  earlier times. 

Here, B a t  the  rear  of the gun has begun t o  drop since the e 
il 

1; 
We observe, i n  agree- 

The f a c t  that the  EZ 

measuring c i r c u i t s  i s  ade- 
Z 

Reference t o  the EZ curve f o r  t = 0.6 shows that 

i 

i' 
While t h i s  par t icu lar  ni c u m  i s  somewhat shaky, (as a l so  shown 

The physical s i tua t ion  which appears t o  exist, then, i s  t h a t  of a 
?? wave" of current and ionizat ion proceeding rapidly through the gas, and 

t ransfer r ing  some momentum t o  it, but not bringing the ac tua l  plasma velocity 

t o  anything l ike the  desired value. In t h i s  regard, one important point re- 
l a t ed  t o  the  theo re t i ca l  discussions of t h e  introduction t o  t h i s  report  must 
be made. It was s ta ted  that the r a t e  of t r ans l a t iona l  energy input t o  the  
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2 
accelerat ing plasma i s  $ I 
implication, a simple notion of a moving massive c i r c u i t  boundary which 

moved along with the expanding current. I n  the  present experiment the  

mass and the  expanding c i r c u i t  move separately; nevertheless, t he  rate 

of t r ans l a t iona l  work on the plasma i s  s t i l l  

determined by the  posi t ion of the  current layer. \ 

simply another way of writ ing F' ;, and i n  t h i s  sense, we may jus t  observe 

t h a t  i n  the  experiment, F' i s  a "drag" force exerted on t h e  ions which 

stream (re la t ive ly)  past  the  current layer ra ther  than a force representing 

the  rate of change of momentum of mass resident i n  the  current layer. 

dL/dt. The r e su l t  was obtained using, by 

I -  

2 I dL/dt, where L i s  

This work term i s  
B 

It 

i s  not c l ea r  what determines the ac tua l  veloci ty  of the current d i s t r i -  1 

bution, but for  the given velocity, it is evident that the  t o t a l  plasma 

mass upon which the  gun has chosen t o  break down i s  too. large f o r  a t t a in -  

ment of v = 10 7 with the avai lable  energy. 

A t  about the time the above experiments were completed, the components 

of the Mark I1 gun were available, and it w a s  decided t o  defer the  problem 

of the obvious propellant mass mismatch t o  the  new apparatus. 

2. Mark I1 

The Mark I1 gun w a s  designed t o  have the lowest pa ras i t i c  source 

inductance which could be at ta ined with available components, It w a s  

decided t o  employ a capacitance of 1 pfd, i n  order that compatability 

with the  eventual use of a high Q un i t  such as a vacuum capacitor would 

be maintained. 

was able  t o  supply capacitors of 0.1 pfd, 20 kv ra t ing  whose natural  

r inging frequency w a s  3.0 mc. 

arranged i n  a c i rc le ,  connected t o  the coaxial gun at the center by 

means of a paral le l -plate  transmission l ine.  

w a s  made heavy enough t o  serve as a mounting base and suspension f o r  all 
t he  capacitors plus  the gun. 
i s  shown i n  Figures 10 through 14, and a cross-sectional assembly drawing 

i s  given i n  Figure 15. 
modifications of t h e  gun. 

The Axel Electronics Corporation of Jamaica, New York 

Our design then incorporated t en  of these 

The rear c i r cu la r  p l a t e  

This gun, i n  i t s  various stages of assembly, 

Table I gives the b a r r e l  parameters for  various 
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FIGURE 12. MARK I1 GUN 
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FIGUHE 13. MARK I1 GUN 
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FIGURE 14. MAIiK I1 GUN 
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The inductance of the t en  capacitors in parallel a s  calculated from 
their ringing frequency, i s  3 x lo” h. The transm,ission l ine,  allowing 

f o r  slightly more gap between the plates than the idea l  1/8,’ of t he  design 

i s  2 x lo-’ h. 

barrel r a d i i  of approximately 1.85 and 3.9 cm, respectively, which means 

an L‘ of 1.4 x 
ductance i s  equivalent t o  3 cm of barrel length. Since the gas pa r t s  are 
located 2.5 crns out along the barrel, t h e  &/Lo efficiency c r i t e r ion  then 

requires that the acceleration of the plasma i n  th i s  gun should take place 

over at least 6 cm of the length of the barrel. 

ductance i s  8.5 x lom9 h and the ringing frequency is then 1.7 Mc/s. 

Now the barrel adopted for  this gun has inner and outer 

h/cm; i n  other words, the t o t a l  external source in- 

The t o t a l  paras i t ic  in- 

A t  th i s  point, however, a d i f f icu l ty  arises,  i n  that i f  one requires 

that a/v = dm where L = &L‘, as given previously, the barrel length A 

corresponding t o  C = 1 pfd and v = 10 

instead, we ask f o r  acceleration over a full e l e c t r i c a l  period, such 

that A/v = 2n d E ,  4 turns  out t o  be about 5.5 crns. 

was c h a r  that w e  would probably not sa t i s fy  &/Lo > 1 by a large margin. 

In the ac tua l  design of the  gun, it was felt  that while the external 
inductance had s t i l l  not been reduced a6 far as would have been ideal the 
at ta inable  L / L 0  would probably be great enough t o  give evidence of more 
e f f i c i en t  operation, e.g., some asynrmetrical d is tor t ion  of the current 

wave-fora away from sinusoidal. 
not a suff ic ient  indicator of efficiency, however, since i n s t a b i l i t i e s  

can also result i n  large L.) Furthermore, a l l  the advantages of low thermal 
losses due t o  s h o r t  transmit time i n  the barrel, together w i t h  the favorable 

scaling w i t h  respect t o  the interchange (Rayleigh-Taylor) i n s t ab i l i t i e s ,  

should be obtained with a short barrel length. 
as w e l l  as t o  take advantage of possible Azll-cycle operation, the ba r re l  

w a s  made about 8 cm long. 

7 cm/sec is  only about 1.4 mm! If 

In any event, it 

(Asymmetry of the current wave-form I s  

For mechanical oonvenience, 

I n i t i a l  attempts t o  operate this gun were unsuccessf’ul because of 
leakage conductance which appeared across the A i  0 

a f e w  shots. 
the capacitor. 

sheet insulator after 
2 3  

This conductance became high enough t o  prevent charging of 
Af’ter it was concluded that s i q h  cleaning would not suffice, 



and also t h a t  the  insulator conductance was actual ly  a metall ic deposit 

from the  electrodes, an extra insulating array, designed t o  shield the 
or ig ina l  sheet against sputtered metallic deposits, was installed.  

arrangement, shown i n  Figure 16, was successful, and allowed steady 

operation except f o r  occasional fractures of these glass shadow rings by 
pre-firing of the gun. 

This 

I n i t i a l  probe m s  and current traces showed no sign either of si@- 
f i c& t o t a l  inductance change, o r  even of plasma acceleration i n  the 

barrel. 

and on t h e  assumption that the d i f f icu l ty  may again ham been that too 

heavy a gas load was present at breakdown, a set of data w e r e  taken w i t h  

Hydrogen as the propellant, the  idea being that since the ionization poten t ia l s  

were not too different,  one might expect a discharge on roughly the  same 
number of atoms, and consequently, a much lighter mas8 loading. The result 

w a s  a discharge which propagated rapidly down the barrel ,  and produced a 

s t r ik ingly  asymmetric current wave,  indicative of a large inductance change. 

The EZ f i e l d  observed during the  discharge implied that here the Hydrogen ions 

vel0 c it y . 

These data, as those i n  the Mark I, were obtained us- argon, 

I 

1 
'were being accelerated t o  something l i k e  the  10 7 cm/sec current sheet 

While t h i s  result was encouraging in t h a t  it appeared t o  bear out 
the diagnosis of the trouble i n  accelerating argon, it was not itself a 

cure, since fo r  reasons of high ionization and dissociation loss, as mentioned 

before, Hydrogen cannot be considered as a propellant f o r  spaceflight 

applications, at l e a s t  not f o r  values of I of less than 10,000 sec. A t  

t h i s  point, however, a search for  propellants lighter than argon was under- 

taken. Since we desired t o  avoid fo r  the moment the technical d i f f i c u l t i e s  

of alkali metals, l i thium was not considered. 

i n  sp i t e  of d i f f i c u l t  ultimate storage problems, but i n  trials i n  the gun, 
proved extremely e r r a t i c  i n  i t s  discharge character is t ics ,  a resu l t  which i s  

probably due i n  some measure t o  the very high ionization potential .  

it w a s  decided t o  employ Nitrogen, since it i s  extremely easy t o  obtain, 

handle, and store, and i s  the lightest element heavier than Hydrogen having 

these properties. 

SP 

Helium represented a poss ib i l i ty  

Finally,  
! 
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When N2 was put in to  the gun, it was c lear  that acceleration of the 

plasma was being obtained. Eowever, the EZ time integrals  were again not 

suff ic ient ly  large, and plasma veloci t ies  were apparently no greater than 

3 x LO cm/sec. 6 

Figure 17 i s  representative of  these results. There i s  no simple 

current layer  detachment and forward propagation; ratber the "toe" of the 

B d is t r ibu t ion  moves outward at  a slow rate, and most of the information 

on plasma acceleration is  contained i n  the EZ ems. 
is the p lo t  f o r  t = 0.1 psec, where EZ i s  considerably la rger  than it i s  

at  later times; this i s  due t o  the incomplete ionization of the  gas at this  

instant .  The low ion density, together with a fairly large 3 x g, result 
i n  large acceleration per ion and consequently large E. It w i l l  be noted 

that there i s  a sharp dip in EZ at about z = 3.5 just beyond the posi t ion 

of t h e  gas ports, indicative of ni being peaked here, 

that the i n i t i a l  breakdown occurred n e a r  the 

seen from the p lo t s  f o r  later times, transferred t o  the insulator.  

ion dens i t ies  f o r  t h i s  run are between 2 and 4 x 1015 per c.c., and these 

are f a i r l y  uniform, i.e,, there does not appear t o  be a peaking, as i n  the 

Mark I data. 

e 
Of special  interest 

I 1  

4 

4 

This i s  c lear  evidence 

gas ports, and later as 

Computed 

An unavoidable conclusion from these results i s  tha t  even f o r  nitrogen, 

a serious mismatch exists between the e l ec t r i ca l  system and the plasma 

mass. Clearly, AL is  stiU a s m a l l  number f o r  the  data shown above. On 
the bas i s  of the trial run with Hydrogen, it night be concluded that the 

mass of N2 i s  about an order of magnitude too high, i n  which case one might 

attempt remedles of two separate kinds: first, t o  attempt t o  induce ear ly  

breakdown by e e r n a l  means such as magnetic f i e l d s  and i r rad ia t ion  of the 

gas, o r  alternatively,  

W e  r eca l l  that an 
was previously defined 

t o  adjust  other system parameters t o  improve the matching. 

approximate matching of the propellant t o  the gun 

bY 

K =  
C V L 1  0 - - 1. 
2*0 

If m is indeed an order of magnitude high, 
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some other  parameter i n  IC, since as has been seen, m i s  hard t o  control.  

Both V and L’  are hard t o  raise much above already used values, since L 

var ies  only as log b/a and V 

severe demands upon the in t e rna l  gun insulator. 

coordinate z 

The capacitance C remains as the single var iable  which can influence the  

match sensi t ively and i n  the  r igh t  direction. 

0 
much larger than the  15 t o  20 kv range places . 

0 
The i n i t i a l  discharge 

would have t o  be lowered, and t h i s  i s  c lear ly  impossible here. 
0 

I An upward adjustment of C represents a retreat from our previous 

~ 

stand at  a one microfarad maximum; however, a decision was made t o  take 

t h i s  step, since it appeared more important at t h i s  time t o  prove the  

gun concept i n  principle,  than t o  be too severely constrained by 

engineering considerations. Accordingly, an order was placed f o r  a set 
of 0.5 pfd, 25 kv u n i t s  (Axel) which were, except f o r  capacitance and 

depth of the cans, ident ica l  t o  the  0.1 pfd capacitors. 

t i o n  of parameters was dubbed Mark 111. 

I 

The new conibina- 

3.  Mark I11 

I A simple qual i ta t ive  argument serves t o  demonstrate how strong an I 
I 
I 

effect t h i s  upward adjustment of C might be expected t o  have, assuming 

no inductance change i n  the  capacitor. 

importance, together with t h e i r  factors  of increase: 

We l is t  several  quant i t ies  of 

B 

Force (-B ) 2 

Period (T,) 

Momentum (=F. T ~ )  

Energy Ch(F-rO) 1 
(s ince m i s  constant) 

Stored energy (Wo) 
Efficiency tw (W2 

0 

X 

X 

X 

x 5  

X 

X 

X 

J5 

5 

J 5  

J 5  

125 

5 

25 

Experimental data taken with the Mark 111 configuration appear t o  

bear these qua l i ta t ive  predictions out completely. I n  Figure 18 are pre- 
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FIG. 18. DISTRIBUTIONS OF Be AND EZ FOR THE MARK I11 GUN AT 14 €3. THE GAS PORTS ARE 

AT z = 2.5 CM. TlME t = 0 CORRFSPONDS TO TIIE START OF THE CURRENT RISE. 
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sented data  which may be colnpared direct ly  

Mk 11. The p lo t s  are on the same distance 

done at  d i f fe ren t  time intervals.  

with those of Figure 17 fo r  

and amplitude scales, but are 

One sees that i n  Mark 111, the f ie lds  a t  0.25 psec look roughly like 

those i n  Mark 11, except t ha t  i n  the l a t t e r ,  B near the  rear has begun 

t o r i n g  back toward zero, and the result ing reduction i n  slope has dropped 

EZ somewhat. 

0 

However, the continuing current rise i n  the new @;un rapidly 
produces a detached current layer  which moves toward'the muzzle at  10 7 cm/sec. 

The t o t a l  energy imparted t o  the plasma i s  about ,fA(B2/2p0) dz, inte-  

grated over the area of the current sheet, where A $:d - i s  the magnetic 

pressure drop across the current sheet, and dz is an ncremnt of current 
2 sheet travel. This i s  exactly equivalent t o  I dL/& integrated over the 

t r a n s i t  time of the sheet down the barrel, and by the same arguments used 

previously, i s  quite independent of whether the ions foUow at  the current 

layer  speed o r  not. Since the Be dist r ibut ion i n  Mark I1 moves so l i t t l e ,  
this in tegra l  i s  d i f f i c u l t  t o  estimatej however, it appears that the energy 

t ransfer  in Mark 111, as estimated in  t h i s  way is  at least two orders of 

magnitude greater. 

1 
, 

-- 

I 

It seems, from the  EZ data f o r  Mark II1,that in this instance, the  

A f i e l d  of about 1 esu/cm is moving along with the curpent, and 

ions are actual ly  moving at a velocity compgrable t o  that of the current 

layer. 

this i s  approximately the  f i e l d  which, if applied fo r  the t r a n s i t  time, I 

would accelerate a Nitrogen ion t o  10 7 cm/sec. 

In Figure 19 are four sets of Be and EZ traces f o r  different  posit ions 
The delayed rise of Be with advancing z demonstrates the along the barrel. 

current sheet propagation, and a pulse o f  EZ is seen t o  accompany the  current. 

from complete when the cwrent  reaches the end of the gun, 

As i s  p la in  from the  p lo t s  of Figure 18, however, the acceleration is far 

i t s  progress beyond the muzzle ( z  = 8.0), 

'*tL 

\ We have followed " 

I { , L A  and find that the acceleration i 

i s  continuing i n  a normal manner i n  the plume which extends out t o  twice 

t h i s  distance. Figure 20 shows B and E f o r  two external positions. Note 

that the reproducibil i ty of the t races  i s  s t i l l  excellent i n  the  plume, an 

indication of good s tab i l i ty .  

-53- 



e = 1.5 

2 
FIGURE 19. 
( U P P E R  TRACE).  

TIME DISTRIBUTION OF B e  (LOWER TRACE) AND E 
Be = 4 . 8  KGAUSS/LARGE DIVISION, E = 0.95 STATVOLTS/  

2 

LARGE DIVISION. t = 0.2psecs/cm. 

z = 8.0 cms. 
THE M U Z Z L E  O F  THE GUN IS AT 
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FIGURE 20. TIME DISTRIBUTION O F  Be (LOWER TRACE) AND Ea 
(UPPER TRACE) BEYOND THE MUZZLE OF THE GUN. Ba = 0 . 9 6  

V 

KGAUSS/LARGE DIVISION, Ez = 0 . 9 5  STATVOLTS/LARGE DIVISION. 

t = 0.2p secs/cm. 
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We have obtained, inadvertently, an indication of ac tua l  plasma 

velocity which is  independent of probe data.  

preliminary setting-up of a monochromator for  spectral. studies, tha t  

when the instrument w a s  sighted toward  the gun along i ts  axis, two d i s t inc t  

flashes of light occurred, one a t  the  t i m e  of the discharge, and the other 

several microseconds later, when the energy i n  the gun had long since de- 

cayed t o  zero. 

the  gun, it w a s  ver i f ied that the  second f lash  resulted f romthe  plasma 
s t r ik ing  t h i s  window. 

the gun discharge t i m e  o r  the r i s e  time of the  second flash, it was possible 

t o  estimate the p l a s m  velocity by dividing the d r i f t  distance by the  delay 

time. In Figure 21, the monochromator output i s  shown for  three different  

gun.voltages. 

related, as s i q l e  scaling would predict, although zero velocity corresponds 

t o  somewhat more than zero voltage. 

It was noticed during the 

By simply moving the position of the vacuum window away from 

Since the t rans i t  t i m e  was long compared w i t h  either 

The plasma velocity and gun voltage appear t o  be l inear ly  

These results are plot ted i n  Figure 22. 

The velocity of the current sheet, as determined from probes, w a s  a lso 

measured fo r  several voltages. Surprisingly, it proved t o  be independent 

of voltage a s  shown i n  Figure 23. 

from EZ agreed w i t h  that obtained optically. 

However, the plasma velocity calculated 

The inference t o  be drawn seems 
- 

t o  be that as  the voltage on the gun i s  increased, the  current sheet ac t s  

increasingly l i k e  a t i g h t  "snowplow", and that a t  the higher voltages, the 

plasma i s  actual ly  achieving the desired speed. 

While the transfer of energy fromthe f i e l d  t o  the propellant appears 
t o  proceed f a i r l y  e f f i c i en t ly  i n  t h i s  device, there is one aspect of i t s  

behavior which prevents high overal l  efficiencyj t h i s  i s  the  tendency t o  

"crowbar", o r  set  up secondary discharges a t  the insulator  of the gun. 

Such short-circuit ing prevents the f l o w  of energy from the bank t o  the 
barrel, and vice versa, with the result that the  portion of the energy which 

i s  thus sealed off  i n  the  bank and external c i rcu i t ry  must simply dissipate 

i n  c i r c u i t  resistance. 

at zero bank voltage, (near current maximum) and the fract ion of the t o t a l  

magnetic energy left  outside were small. However, t h i s  i s  not the  case in 

our device. As seen in the Be p lo ts  of Figure 18, crowbxrring i s  occurring 

I 

This might not be intolerable i f  the crowbarring occured 
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FIG. 21. TLME DISTRIBUTION OF THE INTENSITY OF THE 4094 
ANGSTROM LINE. t = 2.@SEC/CM. THE SECOND PEAK 
OCCURS W" THE PLASMA STRIKES A GLASS PLATE 
30 CMS FROM THE MUZZLE OF THE GUN. 
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CAPACITOR POTENTIAL (KV) 

FIG. 22. THE PLASMA VELOCITY DmERMINED FROM TBE M O N O C H R O ~ O R  
DATA SHCXJN IN FIGURE 21. 
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FIG. 23. THE POSITION OF THE CURREXI2 SHEEZ A S  DETERMINED 
BY THE RISE I N  THE SLOPES OF THESE CURVES 
FEPRESENT THE SEEEX' VELOCITY. 
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at 0.35 psec, when the  current i s  s t i l l  r is ing,  and thus efficiency is  

d ras t i ca l ly  lowered, since i n  addition t o  maximum current not being achieved 

i n  the  plasma, the  external  inductance exceeds the  in t e rna l  inductance at 

this time. This crowbarring can be observed d i r ec t ly  by comparing the  shape 

of the B ( t )  d i s t r ibu t ion  at a f i x e d  posi t ion close t o  the insulator,  with t h e  

ex terna l  current. In Figure 24, B(%) follows I(t) for. 0.2 psecs then breaks, 
indicat ing that a current sheet has formed between the  probe and the in- 

sulator. 

4. B a l l i s t i c  Pendulum Measurements 

ABhough w e  had not relied t o  any extent on external  momentum measuring 

procedures up t o  t h i s  point i n  the program, it seemed worthwhile t o  expend 
t he small e f f o r t  needed t o  i n s t a l l  a calorimeter-type b a l l i s t i c  pendulum 

i n  f ront  of the  gun. 

There are several reasons why we have f e l t  that pendulum data i n  t h i s  

Principal among them is  t h e  fact ,  as seen i n  application must be suspect. 

t h e  previous data, that the  plasma, upon emerging from the  gun, does not 

usual ly  disconnect i tself  e l ec t r i ca l ly  from the  gun, but ra ther  draws after 

it a long plume of current. When the plasma i s  stopped by a pendulum the re  
can then be a d i r ec t  transfer o f  momentum from the  associated magnetic f i e l d  

r a the r  than from t h e  k ine t ic  momentum of the gas i tself ,  and an erroneously 

high indicat ion can result. 
of plasma energy i s  only valid i f  the plasma makes a completely ine l a s t i c  

co l l i s ion  with the  bar r ie r ,  and i f  a l l  of t h e  incident energy i s  t ransfer red  

t o  pendulum heat; it i s  useful, however, i n  that it places a lower l i m i t  on 
the  plasma energy. 

*------ . -- - 

The calorimeter technique f o r  the measurement 

With these problems i n  mind, we hung a simple copper sheet pendulum at  

The general arrangement is a distance of 25 cm from the muzzle of the gun. 
shown in Figure 25. 
although generally not f o r  the same shot. 

fo r  t he  run of Figure 18 were used. 

Both temperature r i s e  and def lect ion were measured, 

For these runs, the  conditions 

The proper mass f o r  the  first pendulum t r i e d  was estimated by using 

t h e  measured plasma veloci ty  times a plasma mass obtained by the E and B 

determination of n and the approximate volume (100 cm 3 ) occupied by t h e  'gas i 
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FIGURE 24. 
T R A C E )  AND Be (LOWER TRACE)  FOR T H E  MARK I11 GUN AT 14 KV. AND 
350 MM NITROGEN. THE Be P R O B E  IS AT z = I cm, TIME SCALE = 0,2C(secs/cm. 

TIME DISTRIBUTION O F  THE TOTAL CURRENT I ( U P P E R  
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at the  f i r i n g  time. 

amplitude, determined t h e  pendulum mass. 
disk, a very l a rge  def lect ion resulted., and not u n t i l  t he  mass was increased 

a fac tor  of ten did the  def lect ion a t t a i n  the desired level.  

This momentum, together with a convenient deflection 

When the gun was f i r ed  onto t h i s  

The parameter values applicable t o  experiments with t h i s  modified 

pendulum were: 

Mass 68 Q (CUI 

Suspension length 65 cm 

Disk diameter 12 cm 

Distance from gun 25 cm 

Deflection (average) 1.6 cm 

Spread of deflections 

Temperature rise/ shot 2.5"C 

Spread in AT 2 0.5'C 

Calculated momentum transfer 425 g-cm/sec 

j: 0.1 cm 

Calculated heat t r ans fe r  75 joules 

The estimates of w h a t  plasma energy and momentum should be casnot 

be made t o  much b e t t e r  than a fac tor  of two. 
p r i o r  t o  t h e  pendulum shots were: 
g-cm/sec. 

the momentum transfer i s  about a factor of five too high. 

These estimates, made 

energy, -70 joules3 momentum, -80 
The measured energy t ransfer  i s  very close t o  the  estimate, but 

The d i rec t  B-field pressure hypothesis seemed t o  be a reasonable way 

of explaining the  discrepancy, and so, a p a i r  of holes were d r i l l ed  i n  the 

pendulum p la t e  through which magnetic probes were inserted. 

that as expected, B-field "piled up" against t h e  pendulum, together with 

the  plasma i n  which it w 4 s  imbedded3 nevertheless, t he  magnitude was only 
enough t o  account f o r  an e r ro r  of perhaps a f ac to r  of two. 

It w a s  found 

We then investigated the  poss ib i l i ty  that the rapid rate of energy 

delivery t o  the  pendulum face was heating a t h i n  surface layer t o  beyond 

the  boi l ing point and e jec t ing  a cloud of vaporized copper whose momentum 
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was ac tua l ly  being measured. 

b e  much more massive, but moving f a r  slower than t h e  incident plasma. 

order t o  i so l a t e  t h i s  effect ,  a t h i n  layer of Mylar w a s  placed over t he  

pendulum face. 
lower boi l ing point, m i g h t  be expected t o  produce an even stronger "ablation 

effect" .  

even f o r  the increased mass, w a s  nearly doubled with the Mylar face. 

subst i tut ions of face materials verified i n  this interpretat ion of the 

def lect ion anomaly. 
ized t o  a mass of 68 gms are the  following: 

I n  t h i s  case, the evaporated material would 

In 
I 

I 
I 

This material by virtue of i t s  lower heat conductivity and 

Such a result was then indeed observed i n  t h a t  the deflection, 
t 

Further 

Representative values f o r  d i f fe ren t  materials normal- 1 
I 

Mat e r i a l  

cu 

Ta 

Mylar 

Mica 

Deflection (cm) 

1.6 

1.8 

2.4 

2.6 

2.9 Cu, coated with black wax 

It w a s  a lso noticed t h a t  f o r  the same material, t he  f irst  shot f i r e d  
a f t e r  some appreciable in t e rva l  gave a s ignif icant ly  l a rge r  deflection, 

(- 1 min) sequence afterward. 

e jec t ion  of gas occluded on the s5 face .  

I typ ica l ly  2oqd larger ,  than those from subsequent shots f i r e d  i n  close 
This was interpreted as being due t o  the  I 

The ablat ion hypothesis was further confirmed by observed mass loss  
from the  pendulum, and a nearly opaque coating of t he  glassware near the 
pendulum position. 

after five shots f romthe  gun. 
In one instant,  15 x ga mass loss  was measured 

While t h i s  experiment was done i n  very rough and preliminary fashion, 

it cons t i tu tes  adequate proof of the unre l iab i l i ty  of t he  b a l l i s t i c  pendulum 

technique. It seems worthwhile t o  bear on t h i s  point ra ther  heavily, since 
claims of  high MHD engine efficiency have been repeatedly made on the basis 

of such measurements. 

With regard t o  the  thermal measurement, one fur ther  point may be made. 
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I 

I 
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If i n  Figure 18, we in tegra te  B2/2p0 over the  length of the barrel and 

the cross-section of  the  tube, we obtain ag energy t r ans fe r  & I? aL/at 

of  a l i t t l e  over 50 joules. 

voltage r a t i o  with the  75 joule f igure obtained f romthe  pendulum heat 

rise, and consti tutes,  f o r  purposes of t h i s  project, an extremely important 

piece of information. It i s  ju s t  that it appears possible t o  t r ans fe r  the 1 
energy of the  magnetic f i e l d  in to  directed plasma k ine t i c  energy with good 1 
efficiency. Losses t o  the electrodes ._ and radiat ion losses  a re  apparently ~ 

not disastrous.  

gun has been held down by the  crowbarring, but i n  our main area of concern, 

which i s  t h e  eff ic iency of energy t ransfer  from the  f i e l d  t o  the plasma 

mot ion, these re su l t s  appear most encouraging. 

\ ) 
This figure agrees when adjusted f o r  the 

1 '4 

I 

A s  pointed out before, the overa l l  eff ic iency of t h i s  -_ ,_--l-- 

5 .  Mark IV. 

Since the  crowbarring t rouble  at the rear  insu la tor  appeared t o  

be an e s sen t i a l  obstacle t o  the  attainment of good energy t r ans fe r  from 

the  bank t o  the  barrel, an attempt t o  alleviate t h i s  short-circui t ing 

t rouble  was made through the expedient of increasing the  spacing between 

the  gas po r t s  and insu la tor  from 2.5 cmto 7.5 cms. The ba r re l  was also 

extended t o  20 cm beyond the gas ports.  

hoped that the  discharge would occur over the  po r t s  before enough gas 

had reached the rea r  t o  support an early insulator  breakdown. 

With t h i s  new spacing, it was 

'phis change corresponds t o  an increase i n  the pa ras i t i c  inductance of barrel 

In order, then, t o  br ing K t o  i t s  previous value, from about 6 cm t o  ll cm. 

it would be necessary t o  lower m by  a factor of 6/U, o r  t o  r a i se  Vo by a 

f ac to r  of 1.35. Since the latter change i s  possible within the ra t ings  

of t h e  system components, t h i s  change was not f e l t  t o  be so great as t o  

upset seriously whatever matching had existed i n  Mk 111. 

A t  j u s t  the  time when the Mk I V  components were being manufactured, the  

e n t i r e  laboratory was moved t o  the  General Dynamics/Astronautics s i t e  which 

i s  several  miles distance from the  or iginal  location. 

of three weeks resulted, and at the  time of the writ ing of t h i s  report, full 
operation has ju s t  again been attained. 

A delay i n  the  program 

Some preliminary data from Mk IV 
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are i n  hand, and these will be discussed below, although no detai led and 

f i n a l  analyses of i t s  operation have been made. 

A front-view photograph of Mk N I s  shown i n  Figure 26. Figures 27 

through 29 show the  new experimental layout i n  the General DynamFcs/Astronautics 

plant .  

The i n i t i a l  running of Mk I V  demonstrates c l ea r ly  that the crovbaming 
can be eliminated fo r  t he  first half-cycle of current i f  

i s  held t o  less than about 20 kv, and (2)  t he  gas inf lux  rate f r o m  the 

po r t s  i s  suf f ic ien t ly  fast so breakdown at the  po r t s  occurs before gas 

has reached the  insulator.  

all previous running has been done at 14 t o  18 kv.) 

too slow, however, t h e  i n i t i a l  current flow is  on t he  insulator.  I n  this 

condition, we have observed w h a t  i s  probably a s ignif icant  effect ,  i.e., 
that i f  the  rear sheet insulator  is of Pyrex, a ser ious attachment of the  

discharge occurs, but i f  an alumina (A4 0 ) p la t e  i s  used, even though it 
has Pyrex "shadow rings" cemented t o  it, the discharge moves promptly away 

from the  insulator,  even though it formed there. 

(1) t h e  voltage 

(The voltage r e s t r i c t i o n  i s  no problem, since 
If t he  gas flow is made 

2 3  

.. 
A somewhat negative s o r t  of behavior has been observed i n  t h i s  gun, 

however, i n  t h a t  the discharge shows some tendency toward i n s t a b i l i t y  after 

a f e w  cms of t ravel .  

i n  t he  sense tha t  it has absorbed significant energy in i t s  formation, i.e., 
that it has grown t o  large amplitude; we have so far only observed azimuthal 

asymmetry in B a t  posit ions downstream from the gas ports .  

of a 0.05 psec K e r r - C e l l  camera, we should be able t o  observe these in.. 

stab ilit i e  s d i r ec t ly  . 

It i s  not c lear  y e t  whether this i r r egu la r i ty  i s  serious 

With the  arrival e 

6 ,  Repetit ive Fir ing Experiments 

In section C, w e  have outlined an idealized operating sequence fo r  

multi-shot running of t h i s  gun. It assumes that immediately after a shot, 
the  remaining gas deionizes i n  a t i m e  short compared with the  r e f i l l  time, 
so t h a t  t he  capacitor may re-charge. 

A desirable re-charging scheme would, from the  viewpoint of simplicity, 

require only passive networks and no programmed switching. Tne simplest 
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FIG. 26. THE MARK IV GUN 
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FIG. 27. THE EXPERIMENTAL A R R A N G E "  
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FIG. 28. THE VACUUM SYSTEM 
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FIG. 29- T m  CONTROL PANEL AND SC-D ROOM 
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arrangement i s  a r e s i s t o r  between t h e  power supply and the gW?j t h i s  f a i l s ,  

not only because of i t s  inefficiency - half  of the  input energy i s  diss ipated 

i n  the r e s i s t o r  - but because immediately after a shot, a current V/R 

( V  i s  the  power supply voltage) i s  available t o  maintain a glow discharge 

i n  the  bar re l ,  and i n  order t o  maintain a high enough repe t i t ion  rate, 

R cannot be too large. 

shots/sec., RC must be about 100 psec, or R = 1000. 
of current can flow in to  an unquenched res idua l  discharge, or  afterglow, 

as w e l l  as in to  the  capacitor. 

3 For example, i f  C = 1 pfd, and we operate at 10 

But then, 200 amperes 

The inser t ion of inductance in to  the  charging l i n e  i s  a s tep i n  the  

r igh t  direction, since a t  ear ly  times a f t e r  t he  shot, I grows j u s t  as 

Vt/L. 

long enough so t h a t  extremely la rge  L would be required t o  keep I low u n t i l  

quenching. 

There remains the  possibi l i ty ,  however, t h a t  the afterglow may last 

We performed, using the Mlr I1 gun, some experiments on the f e a s i b i l i t y  

of such a re-charging scheme using Neon, Nitrogen, and Hydrogen as pro- 

pel lants .  A 7.5 pfd capacitor was used as a "power supply", and f o r  a first 

t e s t  a resis tance w a s  placed between it and the  gun. If the  gun had turned 

of f  a f t e r  the shot, the resu l t  would have been about a E$ drop i n  the  voltage 

on the  re-charge capacitor. Instead, however, t h i s  capacitor w a s  completely 

dumped a f t e r  every shot indicating that  the  V/R current kept the  discharge 

al ive.  

When inductances were inserted into the  l i n e  also, it became apparent 

t h a t  inductance enough t o  turn  off the discharge would make the full re-  

charge t i m e  much too long. We did not, i n  fac t ,  have inductors of suff i -  

c ien t ly  high value t o  tu rn  off  the gun. 

It w a s  then real ized t h a t  an excellent solution t o  t h i s  problem might 

be tEE use of a saturable reactor i n  the charging l ine .  Such a device can 

have extremely high inductance up t o  the t i m e  t he  core saturates,  and after 

t h a t ,  the  inductance drops precipitously. The re su l t  i s  tha t  the  re-charge 

current can be very small f o r  some Interval  of t i m e ,  a f t e r  which it surges 

quickly t o  a high value. 

switch. 

I n  a sense, t h i s  can be considered a delayed current 
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The saturable reactor idea was tested by the  use of a pulse trans- 
former 0-core of 1-1/2" x 1-1/2" cross-section, on which a multi-layer 

c o i l  w a s  wound. 

in charging the  gun capacity. For example, at  300 psecs. after the  gun 
f i r ing,  the charging current was 70 ma; but 200 psecs. l a t e r ,  it had 

r i s en  t o  3 amperes. 

It displayed a very sharp break i n  current when used, 

With t h i s  arrangement, w e  were able t o  produce "turning-off" of the 
It was necessary, f o r  example, t o  use gun although only e r r a t i ca l ly .  

Hydrogen and a l so  t o  rw1 the  gun at only 6 kv. 

In order t o  further determine the fac tors  influencing the  quenching 

of the  discharge, an igni t ron switch was placed i n  the  charging l i n e  
(again, between the  7.5 pfd re-charge capacitor, and the  1 pfd gun) with 

a 75 ohm r e s i s t o r  i n  se r i e s  with it. A t  variable times subsequent t o  

gun f i r ing ,  t h i s  igni t ron was turned on, and the  re-charge capacitor. 

voltage observed f o r  e i t h e r  complete dumping o r  the E$ drop which 

s igni f ied  a gun quench. 

was observed, but only f o r  very long delays. 

covered t h a t  under the conditions of input gas flow and gun voltage 

where hold-off after the  shot was observed, the  main discharge had 

occurred out i n  the g lass  vacuum system beyond the end of the  barrel. 

the  input gas flow rate w a s  increased t o  a point where the  in t e rna l  

current d i s t r ibu t ion  in the  b a r r e l  became normal, t h e  gun would not hold 
of f  t he  re-charge voltage. 

The r e s u l t  was that occasional voltage hold-off 

Furthermore, it was dis- 

When 

It appears that there i s  a f a i r l y  simple in te rpre ta t ion  of these 

data, and it is t h a t  i n  t h i s  gun, there is s t i l l  s ignif icant  ionization 

of t he  residual  gas when the  cold entering gas has reached suf f ic ien t  

pressure f o r  a new breakdown. 

during which there  is nei ther  ionization nor a high neutral  gas pressure 
does not ex is t .  This time w i l l  depend on the  recombination coeff ic ients  

of the propellant. Aocodng t o  Brown's book 

e f f i c i e n t  than A o r  Ne; however, the hold-off time, using N2, w a s  s t i l l  

very long. It appears t h a t  unless a more e f f i c i e n t  combination of gun 
parameters can succeed lnrLd.dLng the  barrel more completely of ionized 

gas at  the t i m e  of the shot, it w i l l  be necessary t o  go t o  a pulsed gas 

valve. 

That is, t he  necessary in t e rva l  of time 

6 N2 has a much la rger  co- 



Further tests on t h i s  problem XIX postponed u n t i l  such e f f i c i en t  

single-shot conditions might be found, since it was c l ea r  that the Mk I1 

gun, as used here, l e f t  a considerable f rac t ion  of the  plasma i n  the  gun. 

7. Recharging Bank 

In ant ic ipat ion of the evolution of t he  coaxial  gun t o  a l e v e l  

of performance which would lead necessarily in to  high repet i t ion-rate  

t ests, the  problem of a high voltage, high current power supply became 

important. The average charging current a t  a repe t i t ion  rate of 10 3 
shots per second f o r  Mk I11 o r  IV would be 50 amperes at  20 kv; such a 

power supply would be exceedingly expensive and d i f f i c u l t  t o  construct. 

On the  other hand, any gun which might be similar t o  the present 

ones i n  size,  design, and materials, i s  cer ta in ly  not capable of sustain- 

ing a diss ipat ion i n  the  several  hundred kilowatt range f o r  much more 

than a second. 

power supply requirement would be the  use of a bank of capacitors having 

suf f ic ien t  stored energy t o  supply the  required current fo r  a few hundred 

shots, which would be a large enough number t o  br ing the  discharge condi- 

t i o n s  t o  a steady state. 

It was f e l t ,  then, tha t  a reasonable solution t o  the 

This bank was constructed during the time other single-shot experi- 

ments were i n  progress on the  guns. 

20 kv which s tore  168,000 joules of energy. 
by four type 7703 molybdenum-anode ignitrons, each connected t o  a "shelf" 

of 14 capacitors. 
and mechanically, so t h a t  personnel access t o  a charged bank is  essent ia l ly  

impossible. 

gives a general view of the  ins ta l la t ion  through the  door of the  protective 

cage. 

It consis ts  of 56 uni ts ,  each 15 pF, 

Switching i s  accomplished 

The bank i s  completely interlocked, both e l ec t r i ca l ly  

Figure 30 i s  an e l ec t r i ca l  schematic of  the  bank, and Figure 3 1  

The bank voltage w i l l ,  of course, drop during a multi-shot run of t he  

gun, and the  number of gun f i r i n g s  which may be  obtained w i l l  be determined 

by: (1) the  acceptable voltage change, and (2) the gun-to-bank capacitance 
ra t io ,  i.e., 
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w k r e  An i s  an incremental number of shots. This gives 

'b vo , 
n = T - R n - F  k3 

For 

- 1.33, and o 20kv V 
- = - -  v 15kv 

--A, 'b 840 fd  
c - 5pfd  

Q 

n = 4 8  

vO On the other hand, f o r  C = 1 pfd, and = 2, we get  n = 580. The nuPlber 

of shots available w i l l  ce r ta in ly  be adequate f o r  presently planned tests. 
g 

H. Discussion and Conclusions 

In a program such as t h i s  one, which involves a par t icu lar  techa ica l  

goal, it is worthwhile t o  review the progress made i n  terms of progress 
toward that goal, as w e l l  as t o  enumerate incidental  accomplishments i n  

t h  sense of dev-elapment of t e c h i q u e s  and accrual of generally useful 
physical data. 

This program began with a specific concept of plasma propulsion, i.e., 
the  use of a coaxial  gun i n  the  simplest conceivable mode of operation. 
This mode includes the elimination of as many switches, valves, and other 
mechanical devices as possible in order t o  improve r e l i ab i l i t y ,  and has 
consequently centered on the idea of a "relaxation osc i l la tor"  type of 
operation i n  which both e l e c t r i c a l  power and propellant would flow 

uninterrupted in to  the  gun, whose demand f o r  t h e m  would be Impulsive. 

The i n i t i a l  concept a l so  involved a parameter constraint  on the 
storage capacitance, t h i s  being determined by the  probable a t ta inable  
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I s i z e  of a vacuum-electric u n i t .  

~ 

These considerations, then, have determined the general design 

charac te r i s t ics  of the guns used i n  t h i s  work. But, apart  from 

engineering design of a space engine, t h e r e  e x i s t s  the far more important 

and fundamental problem of establishing the f e a s i b i l i t y  of using MHD fo r  

propulsion. It has not been obvious that plasma acceleration can be made 

e f f i c i e n t j  many varieties of energy l o s s  i n  plasma systems are notoriously 

w e l l  known, and i f  they cannot be reduced t o  negligible leve ls  i n  our 
device, a l l  engineering questions a re  irrelevant.  We have, therefore, 

taken t he posi t ion that the physlcaJ. questions of the  acceleration 

process are the  most important, and should receive the greatest  i n i t i a l  

~ 

I 

I a t t e n t  ion. 

t 

I i t s e l f ,  then, a r e  roughly these: 
I 

The general set of questions t o  which t h i s  project  has addressed 

1. Can a workable, compatible set of system parameters be found 

which make e f f i c i e n t  plasma acceleration possible? 

2. Are there i n t r i n s i c  physical l imitat ions on the  eff ic iency 

with which one may impulsively accelerate  a plasma? 

3. Is the  se l f -osc i l la t ing  mode of gun f i r i n g  (no e l e c t r i c a l  

switches o r  gas valves) feasible? 

4. What other design o r  material problems stand i n  the  way of 
making a compact, high-power, high repet i t ion-rate  engine? 

We w i l l  summarize our present knowledge of t he  answers t o  these 

questions here. 

F i r s t ,  the  d i f f i c u l t y  of finding a compatible and p rac t i ca l  set of 

(1) obtaining very low inductance system parameters i s  mainly t h a t  of: 

capacitors and transmission l i n e s ,  and (2)  finding a propellant which w i l l  

break down at the applied voltage when j u s t  the  correct  mass i s  i n  the 

gun. It appears that i f  we i n s i s t  upon l imi t ing  C t o  1 pfd, w e  cannot 

yet obtain a commercial capacitor o f  low enough inductance, although it 

i s  known t h a t  some manufacturers (notably Tobe-Deutschmann) a re  developing 



capaci tors  which are good enough. 

capacitor which i tself  has low enough inductance may be far more d i f f icu l t ,  

and has not been dealt with yet.  

t h a t  given freedom t o  vary C, it is indeed possible t o  obtain a discharge 

on an optimum gas loading. 

The further problem of making a vacuum 

We conclude from the  Mark I11 results 

It must be strongly re-emphasized t h a t  the gun equations, t he  rela- 

t i o n  between A ,  L', v, and C, and the parameter IC, are a t  best only rough 

design guides. While IC, fo r  example, can be interpreted i n  terms of 

eff ic iency i f  we a l so  assume t h a t  the acceleration only proceeds fo r  some 
ce r t a in  number ( o r  f ract ion)  of e l e c t r i c a l  osci l la t ions,  such a def in i t ion  

i s  highly a r t i f i c i a l .  

re la t ionship of system parameters. 

magnitudes of aL/at  and the e l e c t r i c a l  res is tance R, and since we have no 
a p r i o r i  way of estimating R, (except, perhaps, f o r  a lower l imi t )  we must 
simply r e l y  on experiment. Nevertheless, it seems desirable t o  arrange 
parameters so t h a t  no more than one f'ull cycle of the driving current is 
needed t o  complete the acceleration. 

The real u t i l i t y  of K i s  i t s  being a guide t o  the in te r -  

Efficiency i s  determined by the relati= 

The answer t o  question 2 can only be obtained through experiment. 

While it i s  w e l l  known that many loss mechanisms such as bombardment of 

electrodes, op t i ca l  radiation, and i n s t a b i l i t y  formation a l l  ex is t ,  and 

w i l l  probably occur, t he  magnitude of their e f fec t s  is d i f f i c u l t  t o  esti- 
mate. 

against some of these losses.  It should be possible experimentally t o  
i so l a t e  cer ta in  loss  channels such as radiat ion and in s t ab i l i t y ,  and a lso  

t o  perform calorimetric measurements on various pa r t s  of the  gun3 however, 

one is never cer ta in  of having ident i f ied a l l  t he  loss modes, and BO a 

more sa t i s fy ing  procedure would be t o  measure the  ac tua l  output energy and 

e s t ab l i sh  that  i s  a large enough fract ion of what was put i n to  the  gun. 

It has been mentioned t h a t  a short acceleration length should militate 

So far, we have not obtained an output which i s  a large f rac t ion  of 

the  bank energyj however, it seems from Mark 111, that w e  have been able 

t o  achieve high eff ic iency of t ransfer  of f i e l d  energy t o  directed plasma 

energy, since a l l  estimates of the plasma k ine t ic  energy, whether obtained 
from E and ni, JB dz, o r  from the  calorimeter, give closely similar re- 
sul ts .  If these r e su l t s  are borne out by fur ther  work, it w i l l  cons t i tu te  

2 
z 
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adequate proof t h a t  t h e  various losses mentioned above are indeed un- 

important. 

The f e a s i b i l i t y  of the free-running continuous gas flow modes of 

operation (question 3) seems t o  be i n  doubt. 

have observed are very long, and have extended in to  the r e f i l l  t i m e  
under f r e e  gas flow. 

power supplies are available,  t o  make possible much lower repe t i t ion  

rates than the  free inflow of propellant would allow. Both of these 

s i tua t ions  make it seem l i k e l y  that a t  least f o r  t he  immediate future, 

it w i l l  be necessary t o  use some sort of a repe t i t ive ly  pulsed gas valve. 

The use of passive c i r c u i t  elements i n  the re-charging c i r cu i t  s t i l l  

seems feasible, and w e  w i l l  continue t o  assume t h i s  mode of e l e c t r i c a l  

operation. 

The de-ionization times we 

It w i l l  a lso be desirable, i n  periods before large 

The most important engineering questions posed by question 4 seem 
(1) problems of high-temperature durabi l i ty  t o  f a l l  i n to  three areas: 

and effect iveness  of t h e  necessary metals and insulators,  including t h e i r  

erosion under discharge conditions, and (2) the design of an adequate 

energy storage capacitor. 
area at  a l l  i n  t h i s  work, since so far single-shot operation has been the  

rule. When a f e w  hundred shots can be fired i n  rapid sequence, we w i l l  

know more. This question w i l l  not be discussed fur ther .  

We have not improved our knowledge i n  t h e  first 

As t o  capacitors, there  are some developments of i n t e re s t  which 

should be followed closely. W e  assumed at  the  outset  of t h i s  work that  

conventional (e.g., oil-paper) capacitors are absolutely ruled out i n  

t h i s  application, because of low Q, and t h i s  s t i l l  appears t o  be true. 

However, it may not be necessary t o  go t o  the full extreme of vacuum d i -  

e l ec t r i c .  We have verbal information from the  manufacturer of our present 

capacitors (Axel) that they have done development work on capacitors which 

employ low-loss d i e l ec t r i c s  (at some sacr i f ice  i n  bulk) together w i t h  

i n t e rna l  f l u i d  cooling, which i n  their opinion could come near t o  meeting 

our requirement if the  gun were run a t  less than a megawatt. 

was obtained on t he  at ta inable  inductance of these units,  but i f  the  re- 

cent work at Tobe Deutschmann (on Los A l a m o s  designs) were incorporated i n t o  

No information 



I 

a fluid-cooled uni t ,  a solution t o  our requirement might be i n  hand. 

It i s  important also t o  summarize here the more general accomplish- 

ments of t h i s  program. 

We have demonstrated quite clearly t h a t  the acceleration of plasma 
is a complicated process which cannot be interpreted simply i n  terms of 

experimental d a t a  on luminous fronts,  current layers,  o r  even momentum 

t r ans fe r  i n  b a l l i s t i c  pendulum measurements. 

work, w e  hv-e brought t he  technique of simultaneous E and B probing t o  
a state of great  usefulness. 

method currently available f o r  the measurement of ion dens i t ies  and ion 

momentum t r ans fe r  i n  apparatus of t h i s  kind, and we are not aware of the  

technique ever having been employed before. 

In connection with t h i s  

So far as we can determine, it is  the  only 

It has been demonstrated that plasma acceleration by 7 x B' forces 

does not, i n  general, take place i n  "snowplow" fashion, but ra ther  

through momentum transfer from an ionizing current wave which moves 

through the  plasma. 
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APPENDIX I 

MAGNETIC PROBES-CONSTRUCTION ANTI CALIBRATION 

The B-probes used i n  t h i s  work were of extremely simple design, i n  

t h a t  no e l ec t ros t a t i c  shielding w a s  used on them, and they w e r e  not un- 

usual i n  e i t h e r  t h e i r  degree of miniaturization o r  number of  turns.  

Figure 3 2  i s  a representation of t h e  probe structure.  

of the  probes used f o r  t he  experiments were h t o  6 turns  of 0.3 mm 
diameter Formvar-coated w i r e ,  wound on a 3 mm diameter form. 

winding, the  c o i l  was slipped of f  the form and while being held by the  

leads, dipped in to  a pot of "minit-cure" epoxy resin, which as the name 

implies, sets and cures i n  one minute. 

connected direct ly ,  and with as short leads as possible, t o  the  end of a 

miniature coaxial  cable, (RG-196) and t h e  assembly inser ted in to  a 5 mm 
Pyrex g lass  tube. A f lake  of black w a x  w a s  dropped in to  the  closed end 

of t he  g lass  jacket before inser t ion  o f  t he  c o i l  and cable, and when the  

c o i l  had come i n t o  place at the  t i p ,  the g lass  w a s  heated so that the w a x  

fastened the c o i l  and jacket together. It was found that the connection 

of t h e  coax cable d i r ec t ly  t o  the  c o i l  w a s  necessary when the very f a s t  
rise times encountered i n  Mark I1 were being measured. 

a long twisted p a i r  coming out from the c o i l  i s  a transmission l i n e  of 

d i f fe ren t  impedance from ordinary cable, and their connection r e s u l t s  i n  

a mismatch which has been observed t o  create  cable ringing, seen as "hash". 

For short  probes or  moderate r i s e  rates,  however, t h i s  precaution should 

not be necessary. 

The c o i l s  of most 

Jus t  after 

The encapsulated c o i l  was then 

The reason i s  that 

Calibration of t he  B probes i s  done by comparison with a single- 

t u rn  standard c o i l  whose area i s  large enough t o  be measured accurately. 

The comparison i s  made with t h e  use of a b a l l i s t i c  galvanometer "f l ip-  

coil ' '  technique. 

galvanometer, placed between the  poles of a permanent magnet, and quickly 

withdrawn. Deflection i s  proportional t o  c o i l  area, and so a comparison 

can be made. It is, however, posslble t o  estimate the  probe area by t h e  

Each of t he  c o i l s  i n  t u rn  i s  connected t o  a sens i t ive  
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nuxiber of turns, c o i l  form area, wire thickness, and cer ta in  lead corrections,. 

We Pound that t h i s  determination agreed within $ with the standard-coil 

ca l ibra t ion  for  a 4-turn c o i l  used for obtaining much of the data  shown 

here. 

Frequency response of the probe I s  determined by the tbne constant; L/R, 
where L is the  c o i l  inductance, and R is the impedance of the  terminated 

output l i n e ,  

connected t o  t h e m  we calculate L/R t o  be about 10’’ seconds, which i s  a h o s t  

two orders of magnitude faster rise tims than required i n  the elrperlment. 

In other words, we could employ c o i l s  with four o r  five times the number of 
turns, and s t i l l  not suffer from inadequate response. 

For the  c o i l s  employed In t h i s  work and the  50 ohm cable6 

Integration waa accomplished with simple RC integrators  whose component 

values were measured on a bridge. A time constant of about 20 psecs. was 

used f o r  a l l  of the gun data shown i n  t h i s  report. 
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APPENDIX I1 

E-PROBE CONSTRUCTION AND CALIBRATION 

Figure 33 shows schematically the E-probe construction. A glass  

tube was drawn t o  a t h i n  t i p  and cut off at a radius which would j u s t  

pass the braid of an RG-196 coaxial cable. Soft-solder electrodes, a 

r ing  and a ba l l ,  respectively, were attached t o  t h e  braid and center 

conductor, spaced by 1 cm along the cable. 

cas t  i n  epoxy resin,  and ground t o  a smooth conical t i p ,  with the  exposed 

electrodes f lush  with the surfacee 

The whole assembly was then 

Calibration of the E-probe system was done simply by applying the  

output of a pulser t o  the  t ips ,  and measuring both t h i s  voltage and the  

system output on an oscilloscope. 

t he  c i r c u i t s  w a s  done by shorting the  t i p s  with a symmetrical tab ( t o  

avoid inductive pickup) and inser t ing the probe in to  the ac tua l  gun dis -  

charge. 

an order of magnitude less than the  expected value of EZ. 

The more d i f f i c u l t  operation of balancing 

Balancing was considered adequate when the residual  noise w a s  

The tmpedance of the  output c i rcu i t  across the probe can be f a i r l y  
5 low i n  these devices. It has been demonstrated here and a t  Los Alamos 

that  the probe can be shunted by a very low impedance, a few ahms or  less, 

which can draw hundreds of amperes from the  discharge without seriously 

a f fec t ing  the  signal. 
tolerable.  

Therefore, an input impedance as low as 50 n is  
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APPENDIX I11 

E -prob 

E-PROBE 'TRANSFORMER 

The pa i r  of voltage dividers  used between t h  and the 

oscilloscope f o r  the Mark I experiments became inadequate when the 

Mark I1 work was started. This inadequacy w a s  not due t o  the re- 
s i s t o r s  themselves, but rather t o  t h e  f ac t  t h a t  the balanced pre- 

amplif iers  (type G and type Z) used on the oscilloscope l o s t  their 
balancing at the  high s igna l  frequencies (> 10 mc) encountered i n  the  

f a s t e r  gun. 
a single, unbalanced scope input. 

It became necessary, then, t o  resor t  t o  a transformer and 

A t o ro ida l  powdered-iron core was procured which had adequate fre- 

quency response. However, first t e s t s  of  the transformer f a i l ed  because 

of excessive common-mode capacit ive feed-through. The capacitance was 

that from each of the windings t o  the common core. The f i r s t  s tep taken 

t o  remedy t h i s  common-mode response was t o  space the windings away from 

the core, and t o  make them very small, (8 turns  o f  #28 w i r e ,  close- 

spaced). This reduced the  feed-through amplitude by a factor  of five. 
The next s tep was the inser t ion  of a s p l i t  cy l indr ica l  shield between t h e  

core and the secondary winding, and the erect ion of a shield between the  
two windings. 

20, which was enough f o r  our purposes. The primary-to-secondary capaci- 

tance, as determined from attenuation of a 35 mc signal, i s  0.05 ppf.  

The r e su l t  w a s  a further common-mode reduction fac tor  of 

Since the  coupling of the  transformer i s  not perfect  it was necessary 

t o  in se r t  a 2.2 ZCn r e s i s t o r  i n  se r i e s  w i t h  t h e  output i n  order that the 

series leakage inductance would not degrade the high-frequency response. 

The resu l t ing  attenuation, a fac tor  of 40, w a s  s t i l l  tolerable,  since it 
had been 100 with the voltage dividers. 

The 2.2 K res is tance reduced L/R t o  a point where the  input and out- 

put transformer pulses rose i n  times shorter than the 30 mc oscilloscope 

could displayj  i.e., t he  transformer frequency response was better than 

the  experiment required. 



Finally, t he  whole assembly was mounted i n  a copper shield box and 

The high voltage primary leads emerge through the  epoxy 

I n  operation, t he  box i s  only 
cast  i n  epoxy. 

surface on the  one open side of the box. 

grounded through t h e  shield of the coaxial l i n e  which connects i t s  output 

t o t h e  screen room bdkhead. 

arrangement of shields and windings on the  transformer. 

Figure 34 i s  a schematic drawing of t he  

I 
-86- 



(8 TU1 

I 

ELECTROSTATIC / SHIELD 
SHtELD 

I 

CORE 
I 

FIG. 34. THE 'E'  PROBE ISOLATION TRANSFORMER 
-87- 



APPENDIX IV 

EFFECTS OF EXTRANEOUS IMBEDDED MAGNETIC FIELDS 

I For some time during the  i n i t i a l  operation of Mk 11, it was noticed 

tha t  the discharge current w a s  very e r r a t i c  i n  azimuthal dis t r ibut ion,  

even at ea r ly  times, and tha t  there was a strong tendency toward break- 

down p r i o r  t o  introduction of the  propellant. 

t o  be tha t  an in se r t  placed inside t h e  center electrode i n  order t o  

space the gas valve had been made from 400-series s ta in less  steel, which 

i s  capable of being magnetized. This par t icu lar  t h i n  r ing was se t t i ng  up 

a dipole f ie ld  transverse t o  t h e  ba r re l  of about 50 gauss amplitude. The 

e n t i r e  episode, counting worthless data runs and the  time t o  search out 

the trouble, cost  three t o  four weeks of time. The moral, i f  any, is 

that the materials used i n  a device o f t h i s  so r t  which i s  very sens i t ive  

t o  magnetic fields, should be carefully inspected p r io r  t o  their  incor- 

poration in to  the  equipment. 

The reason was discovered 
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